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PREFACE 


Since the first edition of thin l wok appeared considerable 
advances have been made in our knowledge of the subject, new 
methods of investigation have been introduced, and the rela¬ 
tive importance of different parts of it have' changed. The 
use of electrical appliances has extended the range and accu¬ 
racy of thermometry. Means of attaining, maintaining, and 
measuring temperatures, which twenty years ago were 
somewhat crude and uncertain, have been perfected, and 
are employed in many operations of the heat lnlmratory. 
The measurement, of heat energy is now often effected by 
measurements of eleetrieal energy. 

The demands made on students have correspondingly 
changed and increased. 

The author has therefore taken the opjK»rfunity afforded 
him to revise the whole IsKik in the light of these con- 
mdcmtioim. Home paragraphs of an elementary nature have 
Iwtm omitted, others have Item abbreviated, and greater space 
lias been given to thermometry and to electrical methods 
generally; but no material change has Iren made in the 
general plan of the work. The first part contains an 
account of the chief experimental phenomena that result 
from the application of heat to matter, and it is nereswary 
tliat the students should themselves perform the menmire- 
mente set out in this part of the book. Though latjoratory 
instructions are not given in detail it is h«pt*d that the 
opomticmii are sufllcitmUy indicated and the methods made 
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clear. The second part of the hook is drvolrd (<> I he 
consideration of heat as a form of energy, hihI is nernsHimly 
more mathematical. Hero a slight use has boon made ol 
calculus methods; but it is now recognized Hint studonf.H 
who get sufficiently far in their science studios (o deal 
seriously with such subjects should have some knowledge 
of the calculus. Numerical examples haw, however, hern 
freely introduced in order that the vague impression loft in 
the minds of some students by general symltols may I hereby 
be rendered more actual and precise. 

The author hopes that the changes made may render the 
book useful to a new generation of students. His thanks are 
duo, and are hero tendered, to those who kindly railed his 
attention to obscurities and mistakes in the previous editions, 
to Dr. W. F. G. Swann for reading the proofs ami making 
suggestions, and to the Cambridge Scientific Company for 
permission to reproduce figures of some of their apparatus. 


C. II, D. 
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UNITS OF MEASUREMENT 

A length of five centimetres is shown in the accompanying figure. 



The length from which the centimetre is derived is the metre, 
which is intended to represent the ten-millionth part of the distance 
from the pole of the earth to the equator. 

The multiples and sub-multiples of the centimetre are:— 


1 millimetre = 1S 1 OT metre (1 mm.) = 
1 centimetre = xiv metre (lcm.) = 
1 decimetre = ^ metre (1 dm.) = 
I metre = 

1 decametre = 10 metres = 

1 hectometre = 100 metres = 

1 kilometre = 1000 metres = 


•03937 in. 
•3937 in. 
3-937 in. 

39'37 in. 
32-808 ft. 
109-36 yd. 
1093-6 yd. 


For rough work one centimetre may be taken as f in. 

Unit of Area. —The C.G.S. unit of area is the square centimetro 
shown above. 

The only magnitudes in common use in physics are the follow¬ 
ing:— 

1 sq. mm. = sq. cm. = ‘00155 sq. in. 

1 sq. cm. = *155 sq. in. 

1 sq. dm. = 100 sq. cm. = 15‘5 sq. in. 

1 sq. m. = 10,000 sq. cm. = 10 - 764 sq. ft. 


Unit of Volume. —The C.G.S. unit of volume is the cubic 
centimetre. The magnitudes in common use in physics are:— 

1 cub. mm. = tb'bu cu h- cm. = ‘000061027 cub. in. 

1 cub. cm. = ‘061027 cub. in. 

1 cub. dm. (called 1 litre) = 1000 cub. cm. = 61‘027 cub. in. 

Mass. —Mass means quantity of matter. 

The student should learn to distinguish between mass and weight, and to 
think and speak of masses without regard to their weights. This is rather 
difficult at first, because practically we nearly always compare masses by com¬ 
paring their weights. But when one takes a pound of water, for instance, 
what is wanted is a certain quantity of water; it is of no importance for 
most purposes how much it may weigh. The mass of a given lump of matter 
is a constant unalterable quantity, having the same value in London as on 
the planet Jupiter, or midway between the sun and Sirius; whereas its 
weight is a mere accident of its position, and would be very different indeed 
in these three cases. Again, if a cannon ball strike a target, the magnitude 
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af the Hl'cH certainly clopencln i»n the iiiiim of (lit' bullet, but. lint, in the least 
tin it« weight. Tin' offc'et would lm the wum* if the earth worn iibmmt anti 
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Unit of Maw. The British 


The O.U.S. unit. of moss is the 


the quantity of matter contained 
tu a lump of platinum kept. at 
the Kxrhequer (Wire iu London. 


part of the nines of a lump of 
platinum kept at Paris. It is 
t'tpml to the quantity of matter 
fontained in a mine centimetre of 
pure water at A CL, and it is this 
t'irt’umstuut’O which constitutes 
its great- value as a unit. 


rim multiples iu common use are: 


l mg. 

i A «m si* 

•01.143 gmitt. 

1 ig. 

t L grin. 

’1.143 grain. 

1 tig, 

i 1 *. gnu. 

’f«J3/S3? ox. 

t gnu. 


•IMeJW lb. 

1 Kg, 

liKHl gnu. 

'I'M lb. 


Conversion of British into C.G.8. Units, 


1 ill. 

vi A3Wt mi. 

1 sij. m 

if IM «*<j, nn. 

t rub, III. 

Ilf llHtl mb. I’m. 

1 ft. 

30 4703 mu. 

1 mj. ft 

trill sij, rut. 

t rill. ft. 

*,!H 313 mb, ilm. 

1 rub \ d, 

7tB3 mb, m. 

1 i«f 

'iH 34V1 grm. 

i lb. 

433 hi) grm. 

1 |Hititulal 

■ 1.TO1 if Jim* 

1 ft jMiillirl 

J.’Wih grm. cm. 

1 }.t«r*c jmwrf 

I’ttW a 1<P gr. i 
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HEAT 

AND THE PRINCIPLES OF THERMODYNAMICS 


Part I.—Experimental 
CHAPTER I 

INTRODUCTORY 

i. Everyone is familiar with the sensations of heat and cold. 
The physical cause of these sensations is what we mean by the term 
Heat. Taking the idea of heat which our sensations yield as 
sufficient for practical recognition of what is meant by the term, 
we proceed to note briefly a few facts of common experience that 
will serve to indicate the main outlines of a more extended view 
of the subject. 

If we mix some hot and some cold water together, the resulting 
mass of water is cooler than the original hot, and hotter than the 
original cold water. Evidently heat has been transferred from one 
mass of water to the other. Heat , then , is transferable. 

A rough experiment will soon establish the fact that if five 
minutes are occupied in melting a pound of ice over the flame of 
a Bunsen burner, it will take about ten minutes to melt two pounds 
of ice over the same flame. We may say that the heat transferred 
in the one case is double that transferred in the other. We can 
thus think of heat as capable of being measured, and therefore of 
numerical estimation; and when we can deal with it in quantities, 
the idea of heat has become more precise and scientific. Heat is 
a measurable quantity. The process of measuring quantities of heat is 
called calorimetry. 

(0 273) 
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2. EFFECTS OF HEAT.—The effects which heat produces are 
very various; nearly every property of a body is affected by the 
addition or withdrawal of heat. The principal effects to be here 
treated of are (a) change of temperature, ( b) change of volume, and 
(c) change of physical state. 

In addition to these changes, addition or withdrawal of heat produces changes 
in the electrical condition of bodies generally, in the magnetic condition of mag¬ 
netic substances, in the optical properties of transparent substances, and in 
chemical affinity and solvent power. 

(i) Change of Temperature.—When on touching two substances 
with the hand we say that one feels hotter than the other, we are 
speaking of temperature. The scientific way of saying that a body 
is growing hotter or colder is that the body is rising or falling in 
temperature. When heat passes into a body, the substance com¬ 
monly, although not always, becomes hotter, i.e. rises in temperature ; 
and when heat passes out of a body it commonly becomes colder, 
i.e. falls in temperature. 

But temperature must be carefully distinguished from heat. 
“ Heat is the property of matter concerned in producing our well- 
known sensation, and temperature is a certain variable quality of 
matter varying according to its temporary condition in respect of 
heat .” 1 Thus we speak of degrees of temperature but of quantities 
of heat. When an absolute scale of temperature has been made, 
temperature may be regarded as a quantity. Change of tem¬ 
perature is one of the effects of the communication of heat to 
or the withdrawal of heat from a body. Changes of temperature 
are among the commonest of phenomena, and we have a special 
mode of sensation for appreciating them. Temperature is measured 
by the thermometer, and that part of the Science of Heat which 
is concerned with the measurement of temperature is called ther¬ 
mometry. 

Take two exactly similar vessels of thin iron, and place in one 
a pound of mercury and in the other a pound of water at the same 
temperature. If these two vessels be similarly exposed to the same 
source of heat for a short time, the temperature of the mercury will 
rise much higher than that of the water, although the quantities of 
heat absorbed in the two cases cannot have been very different. 
If the vessels be first heated to the same temperature and then 
placed in equal masses of cold water, the rise of temperature pro¬ 
duced in the respective masses of water will not be the same. 

1 JSncy. Brit. art. Heat. 
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Equal masses of mercury and water, therefore, do not take in or 
give out equal quantities of heat in undergoing equal changes of 
temperature. This is expressed by saying that the capacities for 
heat, or thermal capacities, of water and mercury are different. 
Each substance has a specific thermal capacity just as it has specific 
gravity. 

(ii) Change of Volume.—If a small quantity of air be tied up 
in a bladder and placed near a fire, a large increase of size is at once 
apparent. If a flask exactly full of water be heated, some of the 
water will overflow. If a platinum wire be tightly stretched 
between two supports and then heated to white heat, its length 
will be visibly increased. 

These and numerous facts of a similar nature establish the 
general rule, that bodies expand when heated and contract when cooled. 

If a very hot liquid be poured into a glass vessel, the vessel is 
liable to be cracked, owing to the strains set up b}^ the expansion 
of the inner portion while the outer surface is still cold. Glass 
touched with a piece of hot metal will crack. 

The riveting together of boiler plates is generally done with 
red-hot rivets, which on cooling contract and pull the plates very 
close together. The same principle is taken advantage of in the 
building of heavy guns. These are formed of a number of concen¬ 
tric cylinders of steel which are successively slipped into position 
in a red-hot condition, the inner cylinder or cylinders being cold. 
The enormous pressure upon the innermost cylinder, which results 
from the contraction of the outer ones, enables it to withstand the 
pressure of the gases produced by the explosion of heavy charges of 
gunpowder. A similar process is adopted in fitting iron tires on 
wheels. Railway metals are laid with a small space between them 
to allow for contraction and expansion. Fur¬ 
nace-bars for like purpose are never tightly 
fixed, and gas-pipes are laid with telescopic 
joints. 

The amount of expansion for any given rise 
of temperature is different for each substance. 

This may be illustrated by riveting together 
thin bars of different metals. Then, if these 
compound bars are straight at ordinary tem¬ 
peratures, they become curved when they are either heated or 
cooled. Thus, if in the bars shown in fig. 1 the unshaded portion 
represent silver and the shaded portion platinum, on a rise of tern- 
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perature the bar bends as in C; on a fall of temperature it assumes 
the form shown in B, since silver elongates or contracts twice as 
much as platinum for the same change of temperature. 

(iii) Change of Physical State. —The physical states are the 
forms in which matter can exist, viz. solid, liquid , and gaseous. 

The characteristic property of a solid is rigidity, in virtue of 
which a solid offers a permanent resistance to any mechanical force 
tending to change its shape. 

A fluid, on the other hand, offers no permanent resistance to 
any mechanical force tending to change its shape; if pressure be 
applied to a fluid in one direction only, it will, unless otherwise 
constrained, flow out in some other direction. A fluid must, there¬ 
fore, be contained in a vessel, and it takes the shape of the vessel 
or portion of the vessel that it occupies. 

In this characteristic the two classes of fluids, viz. liquids and 
gases, resemble each other. They differ from each other in respect 
of compressibility or extensibility. 

A gas is a fluid, the volume of which may be increased to any 
extent by reduction of the pressure to which it is subject. A 
gas completely fills any vessel in which it is placed, and possesses 
no free surface. 

A liquid is a fluid, the volume of which does not continue to 
increase indefinitely as the pressure upon it is reduced. A liquid 
has a free surface. 

It is a fact of common experience that some substances, e.g. 
water, can exist in more than one state, as a solid, a liquid, or a 
gas; and that under ordinary atmospheric pressure the state of the 
substance is determined by its temperature. The liquid is the 
intermediate stage; addition of sufficient heat converts a liquid into 
a gas; subtraction of sufficient heat converts a liquid into a solid. 

Fusion or melting is the name given to the process of change 
that takes place when a solid becomes a liquid; its converse is 
solidification. 

When a liquid passes into the gaseous state the process is called 
vaporization; and the converse process, when a substance passes 
from the gaseous to the liquid state, is condensation. Vaporization 
may take place in two ways, by evaporation and by ebullition or 
boiling. 

Some solids, such as arsenic and camphor, readily pass from solid 
to gas or from gas to solid without becoming liquid at all; these 
are said to sublime, and either process is called sublimation. 
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Place a mass of pounded ice at freezing point in a vessel and 
pour a little hot water upon it. A thermometer immersed in the 
iee indicates no rise 1 , of temperature; whereas, if the experiment 
he repeated with a mans of wafer at freezing point, a rise of 
temperature results. And again, water under ordinary conditions 
boils at a certain temperature railed boiling point, and cannot he 
made any hotter however high the temperature to which it may 
he exposed. 

When heat is thus added to a substance, without rise of tem¬ 
perature, the heat is said to be rendered latent. latent heat is 
heat that is absorbed by the substance during the change of state 
from solid to liquid, or from liquid to gas. It cities not raise the 
temperature of the substance. 

(iv) Changes in other Properties. There are many other pro¬ 
perties of matter which art' modified by heat, tTanges in the elec¬ 
trical condition of bodies that ensue on the addition or subtraction 
of heat are treated of in Chapter XIII. The character of the radia* 


viscosity, surface tension are also affected. 

3. HOUHCiKH OF UK AT. The prime source of our heat is, of 
course, the sun. By his rays the general temperature of the surface 
of the earth and of the atmosphere is maintained. The heat reach* 
mg us directly from the sun is also made use of occasionally to 
accomplish definite objects, e.g. the extraction of salt from sea water. 

The internal heat of the earth is also 11 direct source which heljw 
to determine the general thermal condition of the earth, 

For special purposes, however, we draw ujkiii secondary sources, 
limit may be produced by chemical action, by change of physical 
state, and by currents of electricity. It in also produced in mechani¬ 
cal operations such as friction, collision, compression, torsion, <fee*» 
during change of the magnetic condition of magnetized Iwtdiea, and 
by spontaneous changes taking place in the structure of the atoms 
of certain las lies. 


(i) Chemical Action, The ordinary process of combustion of 
fuel is a chemical combination, most usually 1 between curtain and 
oxygen or between oxygen mid hydrogen, The heat of our las lies 
is maintained by exactly similar processes, winch take place at a 
slower rate and thus produce only a moderate leni|Msnittire, 

(it) Chang# of Physical State. If steam be pmmnl into water, 
the steam condenses ami gives out large quantities of heat during 

* * a * » IIP® 
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the change. This process takes place on a large scale in the atmos¬ 
phere, and the heat given out during the condensation of the water 
vapour into rain has an important effect on climate. And similarly 
in solidification: if a mass of molten lead be placed in contact with 
ice, the lead solidifies, and in solidifying gives out heat which melts 
a quantity of the ice. 

(iii) Currents of Electricity. —If an electrical current be passed 
through a wire, the wire becomes more or less heated. This is a 
convenient method of applying heat in particular cases. 

(iv) Eriction. —It is well known that a small piece of iron may 
be made red-hot by rapid blows with a hammer; a leaden bullet 
on striking a target is often melted; heat and sparks are produced 
when a railway train is stopped by a brake; and when timber is 
sawn or metal filed great heat is produced. 

(v) Radio-activity.—The recent discovery of the radio-active 
substances indicates that there is probably a store of latent energy 
within the atoms of some kinds of matter which is gradually assum¬ 
ing the form of heat. The emission of heat from a gramme of 
radium amounts to as much as 100 calories per hour, and the pro¬ 
cess continues for many hundred years. Estimates of the amount 
of radio-active material present in the earth, and of the rate of its 
heat emission, indicate that the heat from this source may be an 
important factor in the maintenance of the heat of the earth and 
perhaps of the sun. The heat is supposed to be derived from the 
internal energy of the radium atom. This atom appears to consist 
of a system of smaller particles called electrons, and the expulsion 
of an electron from an atom at a high velocity produces the heat. 
Each atom acts as a source of energy. 

4. MODES OF TRANSFERENCE OF HEAT.—Heat may be 
transferred from one body to another by conduction, by convection, 
and by radiation. 

(i) Conduction. —If a short metal rod be held with one end in 
a flame, the other end becomes warm. The heat has passed from 
layer to layer of the rod, passing from the portion which is at a 
higher temperature to the portion which is at a lower temperature. 
This is the distinguishing feature of conduction. 

(ii) Convection. —When hot water is admitted into one end of 
a bath and cold water into the other, there may be great difference 
of temperature between the ends of the bath. If the water be 
stirred the whole takes the same temperature. The heated water 
has travelled from one part to another carrying its heat with it. 
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This process in {‘ailed convection. It in the principal mode by which 
heat is dintrilmtod through the mans of a lluid. Owing to the ex¬ 
pansion that takes place on heating, the density of a fluid that is 
changing temperature is generally different, in different parts. If 
the liquid he heated at. flu* bottom, the force of gravity at. once 
causes the upper* i.e. tin* denser port ions, to fall and the less dense 
lower portions to rise, currents of fluid being thus set tip which 
tend to equalize the temperature throughout. If a vessel of liquid 
be heated at the tup these eurrents are not produeed. 

Wind s are produeed by the unequal heating of the nit* in dif¬ 
ferent parts of tin* world by the sun's rays. 

Hot water or hot air pipes art* often used ns channels by which 
a hot fluid may pass through and warm a building. The distin¬ 
guishing feat tiro of corn eet ion is that masses of a hot fluid serve 
as vehicles to convey tin* heat, from place to place, 

(iii) Radiation. Heat often passes from one body to another 
without eundtietion or convention. If the hand he held in front of 
a fire the warmth is instantly felt* although a draught of air may Im 
proceeding from the hand to the fire. A ml, moreover* heat passes 
with great facility through an ordinary vacuum and through some 
substances without warming them, conditions completely at vurb 
juice with the pr< iciwh of conduct ion and convection. This mode 
of transference is radiation. Its dislinguishing features may he 
stated as the instantaneous character of the process, and the fact 
that the temperature of tin* medium may he unaffected by the. 


passage. 

5* N ATI KK < >K HKAT Sima* heat is transferable, it was for 
merly mtpjMtsctl to be a mate!ial but mutable fluid, 'flu* fluid was 
called caloric ; it h presence in larger or smaller quantities made 
bodies hot or cold. As a body neighs no more when hot than 


when cold* if was necessary that the fluid should be 11 impuuder 
able ”, This hypothesis explained the ttuunfeieucc of heat as the 
{imtffjige of a quantity of this fluid from one substance to tin* other; 
the expansion that results from heating was stipjMwed to be due 
to the spare occupied by tin* absorbed fluid; the change of physical 
itiite was nkiti to the ptncesM by hieh salt dissolves in water. 

The calorie theory failed, however* to give any reasonable me 


planattou «»f the production of heat by friction, 

(In the hypothesis that heat was a material fluid, where did the 
heat thus manifested conn* from ? Two suggestions were made: 


first, that it mum ft out stirrni 


am! Ht&imdly, I tint lit# 
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thermal capacities of the two hoc lies rubbed together were dimin¬ 
ished in the process, so that the quantity of calmic actually |»i»* 
sent was sufficient, under these conditions, to make the !»»»dir* hot, 
About 1795 Count Rumford, while engaged in but tug t.iumm at 
Munich, turned his attention to the theory. Hi* cannon bcuintc 
so hot that when surrounded by water they canned the vvatri t<> 
boil. The caloric did not then etmie from the watci Munmudmg 
the cannon, for this was hotter than before. Neither \\hh fhe 
thermal capacity of the borings diminished by the disintegration 
they had undergone. The suggested (explanation being ihu * made 
quate, Rumford concluded that heat was not a matn ial thud, seeing 
that it could bo produced to any amount, that the then itvrhrd 
explanation of the heat produced by friction wa* in*l tenable, and 
that it was diflicult to conceive anything to have been t «*iumunieated 
to the mass of metal he operated upon except it were 

About the same time Sir II. Davy melted two piece* *4 ire by 
rubbing thorn together. It was known that the water pmdnrrd had 
not a smaller but a greater thermal capacity than the ire, iuid the 
second of the suggestions mentioned above became untenable 
These experiments showed the calorie theory ft* be quite ineap 
able of explaining the production of heat by friction. Tim In po 
thesis that the phenomena of heat art* duo to the mot mu of i be 
molecules of which all substances are eomjKwed, luin been »mee 
fairly established. 


CHAPTER 11 


TKMRKRATntk 


. 6 * MEASUREMENT OF TEMPKUATt'KK. Within mtmn 

limits our sensations directly inform m m to the trtiifiniititie of 

bodies wo touch. A little attention, however, will #dmw that our 
conclusion refers to the state of the external bt*dictt uiily $ti tfi«*it 
relations to ourselves. If the body touched itliwtrart heat niimilv 
from or communicate heat rapidly to the hand, we have m the two 
cases respectively a sensation of great cold m mm of great heat 
Our sensation of temperature is connected with the {manage uf bent 
into or out of our bodies, and informs u« of that im% of j^ige only 
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Two bodies are at different temperatures when, on being placed 
in close communication, heat passes from one to the other. If 
under nuch conditions no passage, of heat takes place, the two bodies 
are at the same temperature, or in thermal equilibrium. We can¬ 
not always readily place two bodies in thermal communication with 
each other, but wo can place each of them in turn in communication 
with a third body, and judge which is the hotter by their relative 
behaviour towards the third body. This is what is done when we 
use an ordinary thermometer. 

Neither by our sensations nor by any other direct means are we 
able to measure temporalure. Rut when heat is communicated to 
a body wo have seen that, not only does its temperature change', but 
other changes also take place' simultaneously; and since we cannot 
measure the temperature itself, wo are compelled to choose some 
particular substance, record some change that is easily capable 
of measurement, ami assume that thin change does really measure 
the change of temperature. For ordinary purposes the substance 
chosen is mercury routined within a glass vessel, the quantity that 
is directly measured being the apparent change of \olume of the 
confined mercury. Then it is agreed to regard cm pud change's of 
volume iw corresponding to espial changes of temperature. 

7. THE MERCURIAL THERMOMETER. The reason for 
choosing mercury is merely one of practical convenience. It is 
easily seen that if rhunge of volume' he taken as tin* variable, a 
fluid is better than a solid substance, because the mobility of a fluid 
enables us to determine where the change shall show itself, dims 
we employ a large* quantity contained in a reservoir, commitmenting 
with a slender tube, and nearly the whole ehange of volume muni 
feats itself in tin* tube*. If the bulb be large and the diameter of 
the bore very small, a small rise of temperature produces a consider¬ 
able elongation of the mereury column. 

Calibration of tho Tubo. A glass tube is chosen, of which the 
bore is fine and as uniform as possible. It is, however, very im 
probable that the bore is of exactly the same si/.t* throughout its 
whole length, in which ease equal increments of volume will not 
pres luce equal changes in the height of the column of mercury. 
For correct indications it is necessary that the volumes between two 
ttneetwfdvtj divisions marked on the stem should be equal. The tulas 
is therefore calibrated. A small quantity of mercury is placed in 
the Imre, and the length occupied by the mercury in successive 
|itirttiitw of the tula? is accurately uumsuredL The length of a 
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check radiation from the thermometer, winds would *'thu«Fi* htdb 
cate too low a temperature. The height *4 iIm Imi** im i»-i r. m!» 
served during this operation, ami allowanee made !m d«-\ i.itmu Dm m 
the standard height. The reason lot* (his is giim in An !<»'.» 

The freezing-point is determined before the lulling pmn! < \sf 
62 ), and the thermometer is immersed in Use Meant ami m*( in Use 
boiling water (Art. 112 ). 

Graduation.— The length of tube between them t«»» ti\nl pmnt*. 
is then divided into smaller lengths railed degrees w bn Is mat L e<pul 
increments of volume of the mercury within, 11 the hmr br n«»t 
uniform the length of these divisions will \»u \ ’l In* numb* j »»t 
such divisions is a matter of arbitrary choice. I Inee ■« aim in,* ni 
use:— 


Niuno. 

4 

Km'sdiiH point ! 

$*•<*!<! 

\ t * * I Hi MU-‘to 

mndu'il, J 

isifilk* »i 

I** In*» u t i t« >1 

Centigrade (0.) 

0‘ 

Ilili 

l«w 

Fahrenheit (F.) 

:i2' 

#M 1 U*‘ 

| Hil 

.Reaumur (R.). 

! O' 

i 

.HI} 

HI* 


The Centigrade scale is almost universally rmph»> *4 in m smfifir 
work, and will bo used throughout tins Inmk, 

The division into degrees is continued id*me and bid.on tho turd 
points. In any scale the readings below zero (<» | a i. m u L**i unuw* t 
thus: — 16 ° li, which is the same a* — :,?n <’ ««t | F 

It is clear from the above table that 4 Fahirnhrit, d t Vnf ig! ? i4«% 
and 4 Edaumur divisions occupy the same length <m .ill \ |Z1 1 *'!i ! li be , 
intervals of temperature on the respeetne nvah^ atv thnvun* m 
the ratio of these numbers. If the w*» <m ou t *» .dr nn*. I4 i [ U vi 
ing-poinfc the numbers expressing the uihm *4 uni |mUi. aht 
temperature on the three scales would \m tit ft§r m%n s u m, «4 ?hr 
lengths of the degrees, that is, if l 1 , C, If lie o»i f f'^jw.ndm* |mrnw 

ture readings on the F,, ()., and If. mthIi**, nr »Iit>nl4 \u %\r 

F « J (3 J If. 

Eut since the Fahrenheit scale starts at *i*J brl«*w ft #*»■ ung p^niit 
the relation becomes 

F - 32 a « | 0 » J a. 

This formula will serve to convert temporal ?)h D.idingia iitun 

one scale to another. 
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Sdnsltivaness, i.e. the (capacity to nhow mnall changea of tempera¬ 
ture, depend# on the relation between the' volume of the bulb and 
the rrnihw of the boro of the tube. If a bo the internal 
radian of the bulb and / its length, them itn volume (at 0° 

(!.) ^ Kti'l ; ami if a t be the radian of the bore and 
the length of the atom rorrenponding to a degree, then 
the volume of thin part The incromto in the 

volume of the mercury in the bulb when its temperature 
vinm i 0. it* AHHHKTnAY (Art. U8), 

hence ttfl x * OOOlHtf*/. 

By thin formula any required degree of HeuHitiveneaa 
eiiti be approximately ealeulated beforehand. Fig. 4 nhowa 
the upper and lower jwtrt-H of a thermometer made to read 
to iiiu of a degree. In order that nueh thermometer** may 
bn of eonveuient length the range u limited to a few 
degree#, and both htdh and bore are large. They are 
iwed to record accurately temperature# wliieh are very 
approximately known, or Mnall variation# in temperature). 

The mmrvoir at the top eontaiiiH mereury Home of which 
limy, when required, be panned over into the ateni, ami 
ifttw vary the |mrt of the temperature nenle over which 
the tliermometer can he u«ed, The net uni meaning of 
it* indication* m any ease mu*t be obtained by comparing 
tin reading# with thorn) of a ntundard thermometer of long 
range. 

A fttll*»r 1 4 i lt»t itnr>r*my iht'titit'tnrtnr in jfivpfi in C’liiip. Wg. 4 

X VU, Ou«* tmjmrtioe pnnijt'ttt jwani \n\ Imwmpr, ttufrU ltw« 

*m !>% mu, Itiiil Itir ttctun! I * i iu|*r , i ill in r «»ti »iiy nirmny thinitmmOr fc 

jirt*l«i!»ty iipitw nr \r-m iiir*«nwt f**r thv (mIUiwuih rr'4ii«»si. Wlitai liiwi twti 

l»y fnrr© »«r t4 futility htwtwt, twiiim fniir rtupw-s t»4nrp it 4««nifi«« » |**r- 
tiiiifii’iit »0*w, fhtritttf llltisiii <4 ii ihrnmmtptrf it t« of tttcritMfy ntmagly 
tiP»t«?f|» mi*I the liulti nmCitium t«* rtittinttl for it l*#nn jvrii«I ttflrr the pri»«m 
If Ifio fur** tv ilrlrffnttift! f-liin Iiowlllitl in mtliplrtr*!, m i» 

pft*»ft ttir* ni#», l hr lit rnflfnf fftr htllh trtfrtm ill*? ftirfi'ttry tip tti«» 

Tims lltr KtArfttttf jH*»fit at prra nf thr »rnlr hm* Imm tli«|4«wl» jtntl #11 flip 

itffi tuglipf ft§#»i tlit-y fthmthi |*r, Tht» rrr*»t limy t<> m ititieh *w» 

©up <ti v nf tltw t mmlp, A t« r*ffrrt nf flit» imtum 

wiinti % intmrewMl wtir-rriwoply in iiipltifig ir# »n«l 

tn «ipin jilurwi »ti limit mu urn, Tim 1*4 |i4fij»r»tiirp «ft*ai tvmU 
•*J* «»r ‘S" tngtlPS itlMt thr Till* frlli|M»rftty rffrrt n%»)‘ ||| a Wrmk t»r 

iw**, Tli« j^rtisMirfil rff«r »li«t»lit tm I*nnioi aiitt alt«mnt fur in t>%vry rrmtmg, 

T«» in«l«s a jmrfwt snpn ! iirii%t thrrmmitrtrr k a n»it«^r t»f 

litllli'tilty, mmi $• n«t ♦•itftttiurtly * muimr «f imewtiy. All tlwntiwturtef* ti«l m 
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important investigations are compared with a standard instrument, and a tuM*- 
corrections is drawn up, by which the actual reading** can he at once reduced 
those of the standard instrument. This is done at the National I h^ah ul b.U 
ratory for anyone who desires it. 


to 


8. THE ALCOHOL THERMOMETER.- Sinn* mercury Imv.eH 
at — 39° C., the mercury thermometer cannot he used to indicate 
very low temperatures. An alcohol thermometer may he used tor 
this purpose. This instrument is based on exactly the same jinn 
ciples as the mercury thermometer. Absolute alcohol, a Inpud 
whose freezing-point is below — 110" is often used. Tim gia 
duation is partly performed by comparison with a mercury thetuu> 
meter, and then continued downwards on the same scale. Alcohol 
expands much more than itnuvury when heated to the same extent, 
The degrees are therefore much longer than those of an exactly 
similar mercury thermometer, and the zero error of an alcohol liter 
mometer is negligibly small. The instrument should be kept 
vertical when in use, because alcohol wets and adheres to the ghmn 
Since alcohol boils at 78" such theimometers may also be tn*ed 
to measure many ordinary temperatures. They posses the nduut 
tag© of greater sensitiveness than the ordinary mercury thet mometer 
owing to the larger eooflicicmt of expansion; and since the spe< die 
heat and density of the liquid are both low, they do not allot the 
temperature of small masses in which they are immersed no nun Is 
as do mercury thermometers. To avoid distillation of the liquid ti 
is sometimes necessary to warm the stem as well as the bulb, 


9* MAXIMUM AND MINIMUM THKRMOMKTKRS. Tbiw 
thermometers are used for registering the highest ami lowest Inn 
peratures reached during any given period. As the frmjwutitttien 
are recorded by the instruments themselves, they are culled »o|f 
registering thermometers. Tim registration m often effected by 
means of a small piece of some suitable solid which in cuntntmd tti 
the thermometer tube, and whose movements me eonttollcd by tin® 
liquid. Every liquid behaves as though its surface were in n state 
of tension, and exerting a contractile force, To pierre the mu bice 
of a liquid ioquires a certain force, and the renintance to im»t ion 
offered by those small solids is not suflieiimt to effect They 

are.thus pulled or pushed along in contact with this layer, whme 
position they therefore record. 

The oldest form is Six’s, an alcohol thermometer in whirls the 
column of alcohol is broken by a thread of mercury (fig !»), It in 
both a maximum and a minimum thermometer. The large btilli a 



above. ImmerMni ui flu* alcohol in each 
arm is a light aleel iiit It* \ (shown enlarged m 
at. K). The instrument is “ set " by bring¬ 
ing the indexes into eontart with the ends 
df the mercurial column by men ns of a 

magnet, inul as the alcohol in <’ expands 1 ■ **■-■ j ^ 

and rout ructs, this column uf hea\ y liquid , j " l# 

moves one way «»r the other driving one of ' j r11 

the indexes tip tho tube in trout ot it, 1,1 j ' *’ 

The aurfare tension of the mercury is suf h j * % 

fieiently gtraf to preumt the index from ^ j ** 

tutoring the mercttn, and a Mori spiiug m j _ 

aliiiclird to its side piemen against I ho $ , \ . 4i 

glass and pm\cut* the index fsoiii falling # I dp 1, M I 

whim llto morntty ml train down cither * .. n 

arm, In 1he figure tlt*^ inn\iiiinm Initpem- ^ w 

turn indicated w f Hi and the minimum tIt 

ir. 

Rulharfbrd‘« Maximum and Minimum ¥hl A 

Thermometer* atr separate mMiumems, 

In the maximum thermometer the liquid m mercury, and tin 1 index 
(shown rnhiigrd at r itt fig i»i is a small piece of Meet or graphite. 




i ig « 


\ This index is pushed tn fnml of tltr mercury 
in* thr liquid I'oliniin lengthens, and loft be» 

... Iniiil w hrn the ffiornirutt mlitiiffi irfmats, 

1 .(u tltr ftitiitfiittiit thermometer, which in 

t 

widely ns*d, the liquid in alcohol; tin* index 
tahottit lit #i lit fig, !*) m niiwle of ghiaa or eitintteL and m placed 

fot W (gW® * 
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inside the liquid. When the alcohol expand** it. flown \nwl the 
index, but when it contracts, the index in brought buck Juki innide 
the retreating column. There is no spring at Inched to these in 
dexes, and the instruments must therefore, be placed in u hori¬ 
zontal position. 

Negretti and Zambra’s Maximum Thermometer in shmvn in 
fig. 7. Near the bulb at a the stem is contracted; when the 
mercury expands it forces its way past this obstruction, but on 
contraction none of the liquid returns into the bulb. The length 



of the mercurial column in the stem thus serves to indicate the 
temperature to which it has been exposed. The instrument in set 
by shaking some of the mercury in the column down into the bulb 
until the bull) is full. 

A clinical thermometer is a maximum thermometer of this type 
combining also the characteristics of the instrument of fig. 4. It is 
used by medical men to take the temperature of their patients, and 
is therefore made sensitive and of the limited range which their 
observations require. 

The above instruments are those most genendly utwd for the mramttotmmt *4 
temperature. In some coses it. is desirable or neeeiwary to employ other means. 
A description, of those is given in Chap. X V l L 

io. EXAMPLE. 

If when the temperature is 0** C. a mercury thermometer rriwh* h" (?„ »t«t 
when at 100° C. it reads 100*8° C., and if the Imre of the utmit in |terfprtly rylm 
drical and the degree divisions of equal length, what m the tvmj^niiure w)trn the 
thermometer roads 20" O. ? 

The length of the stem tatwoon 0* and 100* which should torreuptmd to I Oil (!, 
corresponds really to 100*8 - *f> = 100*«T 0. 

Hence 20 divisions on the thermometer eorre*|M»nd to IttfKt I- I Oil * Iff! 'jmm 
true degree divisions. But the aero mark 0” eom*«|K>nd« to a true* letit|*eraturo of 
*5°, therefore the true temperature when the thermometer mwla 20' Cl, in 20 tltS 
f*5 = 20*56° O. 

QTIEHTIONH AND RXKHfiNKH 

1. What readings Centigrade correspond to 50 " F.t T WJ 

2. What readings Fahrenheit correspond to 10* C, f -1(0*4* Cl* f 

B. The difference between two temperatumi w 20 degree C VtiUgmto. Kxpri** 
that difference in F. and E, aoalea, 



of I 


011 AFTER III 


EXPANSION OF SOLIDS 


xx. LINEAR AND CUBICAL EXPANSION..-.Solids expand 

In alt direction* when heated; Imt wince the direct measurement of 
volume in somewhat difficult, the volume of a solid in nearly always 
calculated from linear measurements, and experiments on the ex- 
jwumion of solids are usually made on bars. The increase of length 

in railed linear expansion, that of volume cubical expansion. A 
method of directly determining eubirni expansion is given in 
Art. 32, 

The following investigation* apply to isotropic solid* which 
expand equally in all directions, For the behaviour of crystal# 

nee Art. bl. 

xa. MEAN COEFFICIENT OK EXPANSION. The change 
of length undergone by lairs when heated ha* lawn frequently 
mwuMimh and to make the remdta universally annlicahle they are 
expnwiiid in a jmrtirnlar way. 

Thus* aiipjame it in found that the length of n certain liar of 
metal at O ’ C. in *ifi in., and at HIT C, m ‘0375 in. 'Hum 

For Hf»' nm «f trmjt. *M in. IniKthtm t*y in, 

„ 1 H '° 3 "* m -OOOOl.K, 

$$ IM 1 -sHa w4$ 
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i.e. the bar lengthens by *0000178 of its own length at O ' L. on a 
rise of one degree in temperature. 

This number *0000178 is called the mean coefficient of linear 
expansion of the rod between the temperatures O and So , 

The mean coefficient of linear expansion of a s< did is thus fhe 
part of the whole increase of length that takes place when a bar 
of unit length at O' 1 G. is heated from 0 1 (■. to u" V. 

If a bar whose length at 0' is a elongates by an amount / w hen 
its temperature is raised //”, then the mean coefficient of expansion 


between 0° and n° is - . ‘ ’ 

H (l 


Since .r is generally very small compared 


with a it is in practice generally sufficient to take a as the length of 
the bar at the ordinary temperature of the air. It must he noticed 
that the assumption is here made that the bar elongates n times m 
much when its temperature is raised n degrees as it docs when the 



temperature is raised turn degree. 

Wo shall always employ the symbol 
* * * * 

z for the linear coefficient of a solid. 
Then if r" be* the temperature of any 
bar, we have 

Length at (L _ 4 _ 1 

Length at r l t It r* 

13. METHODS OF DETER MIN* 
INU OOEEFIOIENIX To deter 
mine the coefficient of expansion of a 
metal bar it m necessary to know 
accurately the length of the bar at 
two different known temperatures. 
The smallness of the expansion cornu? 
lutes the chief difficulty. Two methods 
may he employed; cither the increase 
in length may he directly oh«er\cd by 
means of a microscope, or obtained 
from the readings of a spherometer or 
of a wedge; or means may he used of 
multiplying the effect in a known ratio. 
On the former principle it method in 


common use, which takes Home what 
different forms In different laboratories, may lm understood by 
reference to fig. 8. The bar A is enclosed in a tube it through whirls 
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steam or other suitable vapour may be passed, and thus any desired 
temperature established. One end of the bar is fixed in position 
either by resting on a small slate slab or by clamping. To the other 
end is applied the extremity of a fine screw r which works through 
a plate l>, and possesses a large head V\ having its circumference 
marked with a hundred divisions. A spherometer is suitable. The 
plate n being fixed in position, the bottom of flu* screw <’ is brought 
into contact with flu's free end of the bar at the higher and again at 
the lower of the* two temperatures of the bar. The difference of 
length is obtained from tin* indications of the screw. The number 
of complete turns of the screw and the fraction of a turn, and also 
the pitch of the screw being known, the difference of length caused 
by the change of temperature of the bar is obtained. The whole 
length of the bar at the temperature of the laboratory must of course 
also be measured. 

Then since i r ■ l tt (1 rr), 

/ / 

we have 4 tx ^ , 

1 f »Tj 1 jr *T„* 

and Tj t, and l f{ l rs (the lengths at the two temperatures) being 
known, * is calculated, 

14 . Method of Laplace and Lavoisier. The apparatus employed 
by l*aplure and Lavoisier, in which the expansion is magnified to a 
known extent, is indi 
rated in fig, ih The bar 
Alt mounted on rollers 
was firmly fixed at one 
end A, while the other 
end ft was in contact 
with a lever oft att netted 
at right angles to the 
axis of a telescope, l H 
which was pivoted at 
o ami directed Unvan Is 
a distant scale tx A 
The Iwr Aft w m first surrounded by a trough containing melting ice, 
and the rending v on the scale was taken, while a thermometer in 
the trough was also read. The tempernftire of the trough ami Imr 
was raised gradually, and m the bur lengthened the point 11 moved 
towards ft* and the telescope revohed round the point o towards the 
jKiiition t/oi/. The tem|terutnre of the bur and the rumiinga of the 
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telescope scale were simultaneously taken as the ,,r™ enntume.l. 
TIip fl.ctnal expansion bb' corresponding to the scale reading «t 
obtained froiJthc ratio betweon the similar triangles turn’ and u<v. 

Thus BB' : CC' :: OB : 00, 

, lm , _ OB,./ 

whence m> — .. - ta 


t/i t 


Thii 


The telescope may bo replaced by a mirror m. to "hwh 
directed a ray of light that is reflocti-d hack on he scale. I 
arrangement doubles the deflection tv, for the .leuatmn of the 
ray of light is double that of the minoi. 

i 5 . Method of Ramsden and Roy. One of the best methods is 
that of Roy and Ramsden, the chief portions of whose iipj«mtu* 
are shown in fig. 10. Throe troughs, a', it, a”, are placed parallel to 



Fig. It) 


each other on a horizontal slab; a' and a" each contain an iron bar* 
and B contains the bar to no experimented on. All the Imts have 
one end firmly fixed. At a short distance from each end t*f each 
bar is fastened a vertical arm which men above tin 1 top of the 
trough. The two uprights on the liar in a" curry the eyepterei 
e,e' of two telescopes; those on the bar inside ts carry the object 
glasses 0,0' of the telescopes; those on the bar inside A curry cut h 
a framework or plate PP' on which is marked it fine vmm, Kwh 
telescope is in two separate parts, hut this is of m» imjnu tam e if the 
lenses are in the proper positions. Across the centre of the field of 
view in each of the tubes tc,K' is a fine vertical thread. 

The three troughs are first filled with melting ice, itnd iidjtwt 
ments are made, so that on looking through the v ert teal threads 
in e,e' respectively appear to coincide with the vertical lines on f*j\ 
The trough B is then heated until the water in it tank, the l**ir 
within it expands, and, as the end at o is fixed, o’ in displaced 
towards the right in the figure. The upright carrying o' aku imrnen 
a micrometer screw, by means of which o' it now carried hark until 






























































of thn oyopioaas imu hy thin iittmiw Im atvumtoly datartninwl 

This wxjwsrimpofid Imr him it lints ctohh serotehcid on it nmr mush 
t$nd» and lining pkml inmdo n mdUihlo glass tubs jmmllol to this 
grtulimtfxi I mt\ this mimmnnjHSH urn adjusted until thn rantra of mush 
arms in in tha ooutro of tlu* Hold of view whan this tomjHsr&Uirn is 
that of tha rcxmi, Tims tho dwtnnno liotwocn thorns two {mints is 
known, Htoam is than jmmod through thn glrnw tubs, anti whan 
tha axporiimmtiU bur htttt ittkon this tamjHsmtum of tho n%mm t tho 
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microscopes are again adjusted so that the centres of the crosses 
are again in the centres of the fields. The sum of the distances 
through which the microscopes are moved gives the elongation of 
the bar. Care must be taken that the temperature of the measuring 
bar remains unchanged during the process. 

It is not necessary for the microscopes to actually slide along 
such a bar; they may be clamped to a table or to a stone slab, and 
an ivory graduated scale be placed in position for the purpose of 
taking the distances between the centres of the eyepieces when in 
their original position, and the change may be read by a scale in the 


eyepiece. 

17 . Expansion of Crystals. —A method proposed by Fizeau has 
been employed for substances such as quartz, graphite, tourmaline, 

d &c., which can 

jx? I only be obtained 

in short bars. 

^-Hf- 1 The principle of 

\\l the method may 

JZSSJ it 

B I 1 |i;f I f lj* H B The substance in 

the f orm 0 f a pi a t e 

A With P ° liSlled 

^ Fig .12 placed upon a 

metal disk b, 

through which pass supporting screws c, having a very fine thread. 
Upon the top of these screws rests a plano-convex lens D with the 
plane surface adjacent, parallel and very near to A. The point / 
is the focus of this lens, and on placing a small source of light at 
d and the eye at e , a system of concentric rings alternately dark 
and light is seen, produced by the interference of rays of light 
that have pursued slightly different paths on their way from d 
through D to A and back thence to e. Any change in the distance 
between D and A is shown by an enlargement or contraction of these 




rig. 12 


rings. When this apparatus is subjected to change of temperature 
the screws c and the plate A expand upward, and the difference 
between these dilatations is the change in thickness of the air layer. 
The coefficient of expansion of the screws being known, that of the 
substance a is then calculable if the change in the thickness of the 
layer of air is known. 
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In Benoit’s measurements the apparatus was enclosed in n rhmu 
ber with double walls in which any desired temperature could lw 
maintained. The light used proceeded from a lamp hating a ^dted 
wick, and being directed horizontally on to the vertical face of it 
totally reflecting glass prism which was placed vertically mn* th** 
lens and specimen, was reflected down to the surface of A, After 
reflection from this surface the light passed up again to the retied 
ing prism and was received into a telescope. As the light %%m 
monochromatic, the fringes were alternately dark and yellow. 
When the thickness of the air layer wa« diminished, t hese fringes 
crossed the centre line of the field of view of the telescope. 

Let X = the wave length of the light employed, and 

n = the number of fringes that [Missed the centre of tint 
field of vision while the temperature ehanged from r x to r 7 ; 

then n x ^ = the diminution in the thickness of the aitr sjmm 

This is equal to the difference between the expansion of tint nitlr 
stance and the elongation of the supporting screwy i.e. 

(/j.D’j •*“* /oC'.j) (r,j ~ t|) 

where l x = the thickness of the slice of crystal, 

■= its coefficient of exjmmdon, 

lj = the length of the supporting screws, 

= their coefficient of exjmiwion. 

Hence n x ^ (r t| — r } ). 


The value of ^ was found by removing the crystal and regieatin^ 
the observation, using the polished base of the fttjwtd im tfni irllr*-f 

ing surface. Measurements by thin method haw recent I v lwwn 
made on metals at low tom j»e futures, 

taomo results are given in the table in the Appetii h% 

18. METHODS OF COMPENSATION FofC K\1 \\\Om\ 
y-Tho change of length that takes place with change of t# mo*, , 01*41 
is sometimes a serious difficulty. Tvvoof the most imtwui.ue oh j e 
measurements are those of length ntid time, Change «f unmmnMnw 
affects bars used to measure lengths, and the metallic |«rt# *4 watch™ 

and clocks. Various devices are in tine to rmnedv tim ummwn^m 
liability to variation. 

19- Standard# of Length. Our Brit-wh -lamlimi ,4 
defined with rofonsriwi to the tt , tti|K'i 7 iUiri‘ (i" I*' .it;,; • • • 

aw mp«» l.. u* 

m 
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employed of the form shown in fig. 13, a brans bar ah and an iron 
bar cd being joined near the ends by cross pieces ea and nk The 

expansions of brass and iron are in 
the ratio of f> to 3, and therefore the 
lengths re and nd were made 'j of ea 
and nk When the lengths cd and ab 
increased or diminished with change 
of temperature the arms va and nb 
ceased to bo parallel, but the distance 
betwoon the points e n remained constant. 

A somewhat similar arrangement to tin* forgoing i» adopt vd in th<* motal rods 
that connect the lovers in railway signaldHmoH with thv points of the railway 
metals. In fig. 14, if A represent the end of a rod at the pointsman s lever, and 
1 ) the other cud at the points themselves, it is clear that if ah were a continuous 

rod the points at h might move 
with varying temperature without 
any movement of a. The rod is 
therefore arranged as shown, the 
Fig. 14 part kk, whieh is cut out, being half 

the whole length. When the rods 
expand, A and l) remain fixed, the result of the expansion being merely that the 
cross rods BE and OF rotate round the pivots HU. 




Fig. 13 


20 . The Pen.dulum.~Thc theoretical or wimple pendulum is a 


mass of matter collected at a point and suspended by a weightless 
string. In such a pendulum the time of vibration would he propor¬ 
tional to the square root of its length. The length of a real pendulum 


is the distance between two 


points called respectively the eentro of 


suspension and the centre of oscillation. Ah this length is increased 
or diminished the pendulum vibrates slower or faster, and any clock 


governed by such a pendulum loses or gains. An ordinary seconds 
pendulum made of iron varies about six seconds a day for a change 
of temperature of 20° C. The following means are used to remedy 


this cause of error. 


Harrison’s Gridiron Pendulum consists of a framework of metal 


rods of the form shown in fig. 15, those marked F being generally of 
steel, and those marked o of brass. The arrangement is such that 
the steel bars are fixed at the top and in exjmnding lengthen down¬ 
wards, while the brass bars are fixed at the bottom and in ex {Mind¬ 
ing lengthen upwards. The central steel bar {Misses freely through 
the lower cross bars and supports the boh. The remaining hare 
are in pairs, but for expansion purposes each jmir may evidently 
be considered as constituting a single bar, so that there are practi- 
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cally three steel rods and two brass rods. Suppose their lengths at 
0° are respectively s v s 8 , h.# and the cooflidents of alee! and 

brass respectively z 1 and z,# then at r" the l«*h 
has been lowered by an amount 
and raised by a length (b L + b ‘2)^*2^* ^ < >| 111*I 

that the effective length may have remained 
constant these changes must bo equal. 

(‘^1 “f* 4 ™ ^a)*i T 8=5 (/q Hh ^2) V* 

8, -}- 8 tJ + *% £»> 

h l + z t 

1.0. the total lengths of the sets of mils must be 
to each other in the inverse ratio of their eoeffl 
cients of expansion. This form of pendulum 1ms 
been generally superseded by one baaed cm the 
same principle, but made of sine and iron, after 
the model of the great Westminster clock pen 
dulum, the form of which is shown in fig. 111, 

In this pendulum a central iron rod a currse# 
a projection at the bottom cm which rents a tube 
of zinc a This zinc tube m aur 
rounded by a larger iron tulw 
(J, the two tubes being joined 
at the top. The bob t* is built round and run 
neeted to the irem tube, The roeflirieiit of mj»Mt 
siem of zinc is to that of iron in the ratio of f* t« 
2, and hence the length of the mw tn(** m tw#t 
fifths of the sum of the lengths of the mm r**l 
and tube. 

In Graham 1 ® Mercurial Pendulum flic !*»!• 

consists of two glass cylinders containing iirnmc, 

the upward exjmiwion of the mimmrw r«ifii|»*f$*. 4 i 

ing the downward lengthening of the «**!, and 

vice versa. 

The heist form of mercurial jiemtolttm, toiw 
ever, is Dint*®. In this {»mtinhiiti iIip mwtvmy 
k contained in a cant iron i \ linden into she top 

of which the uteo! rod of the jwiidnliitii •**rrwra| 
with it* «ml dipping into tin- tnxmiry Tlw 
metallic contact emmmt the whole of the jwihIuIiijh l*«n{ »i the 
same temperature. 




Fig. 10 
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21 . Balance Wheel of Chronometer. - The indications of a 
chronometer depend upon the time of oscillation of the balance 
wheel. This period varies with the moment of inertia of the wheel, 
which depends upon the grouping of the mass of the wheel around 

its centre. In order that the period of 
oscillation of such a wheel should bo con¬ 
stant, it is necessary that when the radii of 
the wheel lengthen the muss of the rim 
should move imvard. The rim is made in 
three or more pieces, as shown in fig. 17, 
each piece being a compound bar with that 
metal inside which has the smaller co¬ 
ed lie ion t of expansion. When the radius is 
lengthened the free end of the attached 
compound bar curves inward, and the', mass 
of the rim is so adjusted by movable screws that the oOeets cone 
pensatc each other. 



22 . LINEAR, SUPERFICIAL, AND VUMCAh KXPAN- 
SION.—Suppose wo have a solid cube of copper whose edge is 
1 cm. at 0°. Them at 100° the length of the edge is DUO 18 cm. 
Tho area of one face* is therefore (1 *0018)«, i.e. 1*00.100,124 sq. cm., 
and the volume (D0018) a = 1-005409725812 <\ cm. Now since it 
is not generally practicable to obtain the measurement of any length 
or volume correct to within * 0 0 l fl 0 0 of tho quantity to bo measured, 
it is practically useless to retain any ligures beyond tho sixth. Omit¬ 
ting useless figures wo have at 100' — 


Length. Area. Volume. 

1-0018 cm. D001B sq. cm. 1-0054 «\ cm. 

i.e. 1 -f* (-0018) cm. I T* 2(‘0018j sq, cm. 1 -f* 1(4)018^ e, cm,, 


•mtwwf.i v/u v f.wii* 




which shows that the coefficients of superficial and cubical expulsion 
be pr * 
r coefl 
0018 
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uw of tho interior apace m the increase of tho solid cube that may or may not 
Lure. 

23 . EXAMPLES. 

. If an iron fmr ho 2 ft, long at 0 M ( 1 . and morcaue in length hy a quarter 
u inch win'ii placed in a furnace, what in tho temperature of tho furnace? 
Heient of linear ejcpmwion *000012. 

Lot the temperature ho jr®. 

Then Htnoo | in. *0208 ft,, 

length at/* 2 {1 L *(*000012)} 

• 2*0208; 

/. lr X '000012 • - *0208, 

a; ' 8(J(WV’ a 

f« Tho eeoflieirnt of linear oqMUwicm of a certain metal in *0000117. 1 low 
“i must the temperature of a hloek of the metal Im raiaed in order that it may 
tivHo one \mr cent in volume? 

Let #' a k* tho me in tonqmrattms 

then new vol, : old vol. :: 1 -L 4*0000851} : 1; 

hut now vol : old vol :; 101 : 100, 

.% 100 14*00851} - 101 

* , * 

* * *008fd 

284*11 

Am, 2H-HLU 

, Tho linear coefficient of tho expiuminu of iron kung taken an *0000128, fmd 
Iron) the increase in the eajiaeity of a cylindrical Hteam*engine kviler which at 

rcoxing'jwuiit in 7 matron long and 8 in diameter when heated from 15® 0. to 

/ * 

Conttieiniit of cubical expansion for 1 ’ *00008(81 

Volume of boiler nt 0 5rtl|) a x 7 cubic metres, 

o „ „ If# V*D 4 If#|*00008801[ c,m. 

„ „ „ if»« v* D -f ir»opooooMro»|| e.m. 

Lliiitlgoof volume j 18f»[ *00008001} c.m. 

V X 185 X *0850 c.dm. 

07*5 x 8*«f»31 c.dm, 

& 2-10*5 litres, 

QUESTIONS AND KXKHUIHEH 

incur coefficient#* of expansion required (fmr degree Centigrade), 

Iron . , *0000122, I IhM *0000151. Steel ... *0000107. 

7 .hie .. *000080. 1 Copper *0000171* Brpn .. *0000147. 

(liana . *0000084, 

kwih' carefully an accurate method «»f measuring the coefficient* of exjmn*- 
«**n hy heat of » solid, including tho correction#* and precaution** that would 

|#rolmhly lm required in pmellfie. 
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2. Explain how to construct; a seconds |«»ndu!um which shall l.»rp ivinri titut* 

in hot and cold weather. 

3. What change takes place in the diameter of im st»m h*».»p u In. h i». ,i ,tu* « 

80 cm. across at 30" (X, when the tempera*m* *hangr* f«» ;:n r / 

4. If the copper lightning-rod of St. Paul's 1«* hon If l<*ug at l»< l , tout if?i 

length at 85° F. 

5. A certain bridge is of iron, and 800 yd. long. I*■sis*I if t »ban. •< n> U tw fh 

during the year, assuming tin* range of tempi tnfm< t>» h fi-m l;. 

45° 0. 

6. A gridiron pendulum contains 8 ft. of iron t«nl. What I* n. rb ..f , uu tm{ 

would he required to Ik* used in its e<»u*tr»irtmu • 

7. A glass bottle holds when quite full at the U mp« i.tioi. *.f m> bn.,- j.. vu , m< 

of ice-cold water. How many cubie mein <»«»( ?»>dms. « it« i will if th, 

bottle as well as the water Is-mg at l (Hi t \ 1 

8. From London to York is 200 miles. Find lie f*4,tl .-.p».. fh,»t mn t ?«- f, f§ 

between the railway metals to allow fi»t a temjwi.it mm ».mg. .4 I<o j>* t f 
the rails are made of iron. 

9. A bar of steel is 10 yd. long at 0‘ ( \ What wdl b» if , t» u^tU at ;t<* (* ? 

10. If the steel rails of a railway are H yd. long, how f.ii aj-mt mint rh» v W phi, ri \ 

to allow of a range of temperature of 08 F. nb>y«' and l< h«a tS*« frm|« }n $ u ,„ 
at which they were laid ? 

11. A bar of zinc measures 2*00(1 m. at 100 (\ IL»w t..u K will if 1 * u f *« r i 

12. The volume of a sovereign is ‘02.V2S r, m at ev l Fn v l ib, , h u ,g*i «»f 

volume of a million sovereigns in ending f*<<m 0? | l,. ? 4 < * me 

supposing them to bo pure gold, 

13. Find the change in area, of a hollow eoppm bull I ft, m tadm* m 1 fu F w|»r?i 

exposed to a temperature of 20 F. 

14. The end of an iron Imilor m a eirele 8 ft m doom t«r at ft" t * \V but n *j H , 

change in its area when heated to 100 {* t 

15. A steel rod is measured with a briwn stale, ff the mum . f I. h, : tf* . f i!-« s ,„j rt! 

0° ia 74 cm., what would In* the length at Ih’ m uunwmmi U th< |,j m a |„ j 


CIIAPTKR IV 

EXPANSION OF l.J^I Uts 

24. Tho main phenomena of the ,.f h,,,,,,),, j„ 

crease, of temperature may Hi' xlmwtt Hy fin ln.ing a niitiiH.i <•} •.mt 
ablo liquids in thonnonmtiirHlmjHil IiiIith dig |, i * iwiiii t.uif,,, 
and heating them in a Hath from the tfiiijM-mtnif ..f iHf mi 'lHf 
liquids should at tlm cmnimmmm'jtl all aland at tH- Mint' Hfii.*Hl. 
»m, in the tubes. Them as the Umipfrutim-1» L-iadnallt i.„,, ,i 
facts become apparontr--. 

(i) The liquid in each tube riw'H fnuitiiliiral.Iy, !.Hi>m iu^ ». ihhi-H 
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greater rate of expansion than solids exhibit. For example, mer¬ 
cury exfMUids about seven times as much as glass 
(ii) The amount of expansion is 
different for each liquid. By making 
the experiment carefully with tubes of 
the same dimensions a fairly accurate 
practical idea of the relative apparent 
expansibilities may be obtained. 

25- ABSOLUTE AND AP¬ 
PARENT EXPANSION. It is ovi- 
dent that in the previous experiment 
the containing vessels must also have 
expanded. Thu increase of volume observed in the liquids was the 
excess of the exjmnmon of the liquids over that of the containing 
vessels. This is called apparent expansion. Thu absolute expan¬ 
sion of a liquid is the actual increase of its volume, which in equal 
to the sum of the increase of capacity of the containing vessel and 
the npjmrent increase of volume of the liquid, 

if the absolute exjmnsion of the liquid were equal to the increase 
of mjmdty of the vessel, the surface of the liquid in the tube would 
remain at the same level at all temperatures; and if the vessel ex¬ 
panded more than the liquid, the surface would sink in the tube as 
the temperature was raised. 

This latter effect may be obtained by suddenly heating one of 
the bulbs by a flame, when the liquid sinks in the tube, because the 
bulb has expanded considerably before the liquid him begun to get 
warm. Aral conversely, if cold water be thrown on the bulb while 
it is hot, the rapid contraction of the solid forces the liquid up the 
iuliti. 

26 . Eolation between Coefficient* of Absolute and Apparent 

Expansion. .in dealing with liquids we are concerned with changes 

of volume only. The mean coefficient of absolute expansion of a 
liquid is the n ih jiart of the whole increase of volume that takes 
place when unit volume of the liquid is heated from tr to a*. We 
denote this cniiflieiiint by f. Bupjnme we have a quantity of liquid 
contained in a graduated till*®, ami let 

V aa real volume of liquid at 0 * (X 

f coefficient of absolute expansion of tliu liquid for P 0. 

riuiii, omitting all consideration of the containing vessel, we have 

Volume at r* 0 . s» V (1 +yr). 



M t , 18 
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Now consider the expansion of the vessel whoso coefficient (cubical) 
is z. Its capacity at t° is greater than that at 0 in the ratio oi 
1 q_ zr to 1. The number expressing any fixed volume, is diminished 
in the same ratio, and thus, as measured in such a vessel, a real 

V 

volume V only appears as -—— , and therefore \ (i + // T ) appears 
V(1 + v/r) 1 + 

1 + Zr 

But if 8 bo the apparent eoefliciont of expansion of the liquid in 
glass, the apparent volume at r° of that quantity of liquid whose 
volume at 0° was V is 

V T = V(1 + <h*) 5 

V(1 + «r) = v! p r , 

K 1 + 

1 + yr = (l + 8r) (l 4- 

= 1 + (^ +* <*)r + »Lr\ 

If we neglect 8,:r 2 on account of its extreme smallness ej - 
reduces to 

7/ m fa -4- '*’* 


The coefficient of absolute expansion of a liquid is thus very 
nearly equal to the sum of the coefficient of apparent expansion of 
the liquid and the coefficient of cubical expansion of the containing 
vessel. 


27. MEASUREMENT OF ABSOLUTE EXPANSION. Thom 

is one method by which the absolute expansion of a liquid may he 



Fig. 19 


directly determined. It in a fundamental 
hydrostatic principle that if a liquid he 
poured into a U tube, it stands at t he same 
height in both arms of the tube; hut if 
two different liquids which do not mix he 
poured one into each arm, then the heights 
of the free surfaces above the level of the 
common surface am inversely proportional 
to the densities of the liquids. 

Suppose then a*U tube Mr (fig. Iff) to 


contain a quantity of liquid at 15 {*,; the 
liquid will stand at precisely the Maine height in each arm. Now 
let the arm ah be surrounded with a cylinder containing melted 
ice, and the arm cd with a similar cylinder through which steam 
at 100 u 0 . is kept circulating. 
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The liquid in cd expands and becomes loan dense, while that in 
%bv ontrnoU and heroines morn dense, A readjustment taken place 
an til t he column of Icmm dense liquid balances the column of denser 
liquid. When a condition of equilibrium in established, if the height 
of the. surfaces a and c above the axis bd of the eonneet ing In hi 1 he 
measured, the length ah represents the volume of a quantity of 
liquid at 0 , and vd tlte \ ultimo <4 that same mass at 100 Thin 
m quite independent of tho expansion of the tula* itself. If the 
tubes ah and rd be of different sectional areas tin* result is the same, 

A rnlltfh #'S|M’riIU**I0f Ht whs It t hr M»V i»f t h* h«'4'Itt'k <*f thr nilttUlUH is 

busily Min n, it my !«’ urnUr l»y noloumiu»e jui ti*i <*f \ iujw-jit hm* for nmtvuiy. It. in 
b«lfc to ohoimr thr tutw’ hit lit miillllrr l»»|r s HI »»|i|r} !»» rhrrk mimes 1 n the liquid. 

28 . Expansion of Mercury. As mercury is the substance gene- 
rally used for thermometric purposes if in important that its coeffb 
dent of expansion should be accurately delei mined. Many measure 
manta have therefore been made of this quantity. The first of any 
accuracy were made by Uniting amt Petit. They surrounded the 
column id (fig. 10 ) with a v\ hndt ical hath of oil, heated by a fur* 
naee, and they determined its temperature by un air thermometer 
(Art. MW) immersed m the oil. The heights of the surfaces a and c 
were measured by a rat bolometer fa teleacojM* with its axis hurt 
xontal mounted on a vertieal gtailuated metal bur). Their main 
results may be thus exhibited 


Tri«|»risli|t«» *•" *' 

j 
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From these i emit h if is clear I lint the t oeth* lent for mercury is 
about 'OOUlH, and the figure* show that llie ex pamuon takes jiliire 
at it gradually increasing iafe m the tempetaf ure rises, 

Hex*end sum res of n mi were present itt Ihesc expel imeu!«, of 
which the most, mq*ortant were |i| The enetltnotil of exjwttiston 
itiiiitiieil for air was f lay him-nit*’*?! value, iftdTIn wlicmw later re 
* 0 Rtt*hc» show it to be litilliii. The tesupei atmes recorded by flic 
thermometer wete therefore ion low nit The tups of the mercury 
column* when nan l were Mitfanle the hath*, and the oil not tiring 
Itirmt was probably not nt the sjime temjieratnre throughout 
39 . Rayaauits KxjwimMtft. Legnautt m tin irjici limit <*f 
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these experiments avoided these sources of error, and added to the 
sensitiveness of the apparatus by making his vertical tubes much 
longer (1*5 m.). His apparatus is shown in fig. 20. 

Two vertical tubes of iron, AB and <>i>, were connected near the 
top by a horizontal branch AC, while at the bottom the arms bk 
and DF were connected by a bent tube KUK, from the top of which 
a tube GH led to a reservoir K containing air. Mercury was poured 
in at the top of A and 0, and as it rose in the tubes kg, kg, air was 

pumped into k, so 11 mt 
Jt* when the mercury just 

J §4_ I filled the tube ac and 

j|, fe overflowed from a small 

Ml |||® W|lj; hole on the upper side of 

I Wk I 'I• AC, it stood about three* 

\ jpg | ; ; fourths up each of the 

1 if l\[ tubes kg, kg. The «ur 

jQfll .• facets Band m were then 

[ p lljf »::at the same height above 
\ 9f| ifc iH l \ i the axes of hk and kg. 

I 83 i §. 3 111 i ' The column Alt was 

;; * surrounded throughout 

its whole height by a 
hath of oil of which the 
temperature was adjusted 
J jXr Y by a flame beneath. The 

temperature of the bath 
rifl 20 was maintained uniform 

throughout by a stirrer, 

and registered by an air thermometer q (Art. lih'l). 

The column CD was similarly surrounded by a bath of cold 
water kept in circulation by entering at the bottom and continually 
overflowing at the top, the temperature, which was maintained run 
stant, being accurately ascertained by mercury thermometers placed 
at different depths. The tubes ac and bk were kept cool by water 
which overflowed upon them from the cold bath. When the nil- 
bath was heated and the temperature of the tube ais nwe above 
that of CD, the mercury in AB dilated ami some of it outflowed, 
the tube remaining full of mercury in a lens dense condition. At 
the same time the surface of the mercury at m fell in the tube km 
owing to the pressure of the air in K being greater than that 
exerted bv the column of less dense tnennirv in A n 
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30 * Kuppoat* the temperature of the warm hath to hr ruined to 
t° C.» him! maintained at rat lily at ! hat. temperature, while that of all 
the rest of the apparatus in a! u (\, and let tin' height Ait ^ n> 
=r h l% Ki* h. n and KM h ,; I lien the pressure due to the mer¬ 
cury at M in that due to a enlumn /i, at temperature r 0. minus that 
clue to a column A,, at temperature U‘ (!»; and t he pressure at i 1 in 
that duo to a eolumn A, — h, at 0 Now these are etteh equal 
to the pressure of the air in k, 'Therefore if ij he the eoetlieient of 
expansion (or change of density) of mercury, reducing these heights 
to O ’ 0. wo have 


I | 


\\ Ilrln 


k, 

A, * A, 


t A. - h , I h» 


lit Hogiuutlt s experiments tin' » old eolumn was not at 0 ** (•., anti 
the heights h n and A, - A, al «* 1 equired redttetion, 

31* 'The law of the expansion of mercury w«^ deduced hy means 
t>f a enrve (**ee Art. tUf The ititinetiriil rexuHs are given in the 
table on page ®JIfl Those in\ontigatioriH of Ucgnmdi are of great 
impartial re* and the icntlm ate regarded nn very iitTurate. 'They 
have, therefore, often hern made the \%min of further drlcrmirnttiunK. 

32. Artomatrie Method Thu* method mmuM* in weighing a 
solid in the given luptnl It baa Keen employed hy Hnlhdmm and 
Matthlessen 111 invent tgatmg the expansion of water. If in nerennury 
that the Volume of the »i*Iid .it the dltlereilt leuqieratuies should he 
fteetirntely know 11 * ami to make the method aemutne the solid should 
\m one win we rule of expansion in small toiujuired w tt h that of tint 
liquid, Huitufroiii determined the linear expansion of a n«l of glass 
hy \imm\mn method, mid then formed the ghow into n linllnw 
sphere win we v ohmic at ntty tenijwoal tit e eotild thu?* t*e wninttcly 
calculated A quant it t *4 >aud m m pliirrd in I hr sphere hufheieitl 
to make it sink in wutei, and tin* spites o wax then weighed in wider 
&t different temjw'iaf Ufre An the tefiqtcraf Uf r of the Wider Wiw 
rained, tint \ ohmic Ilf the sphere met muted and the density of the 
Water tier reaped The volume of the water displaced (1 c, the vot* 
tltne of the sphere! bring know 11 for every lem|*eniUif e, anti its 
ttUytrt heitlg gneit hy the indication* of the lwihifir«% the dettrtity 
(uttuift/vohitite) WAN rulniliitnl fur each tctt»|>cratitre. 

Mituht«***cn tiaed piece* of glass mi front rods whtuttt lititmr 
Itii had {irttviottiiy iluinnitttiwl, 

(0 01} f 
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The arrangement of his apparatus is indicated in fig. *21. The 
glass, suspended by a fine wire from one pan of a delicate balance 
dipped into distilled water, contained in a silver cylinder A, that 

stood in water contained in a vessel of zinc n. 

The water in n wan 
,<nmirn«^ gjllM heated by means of a cur- 

A rent of steam that <'ntere<l 
\ at o, an overflow pipe n 
I 1 being provided to keep 
IkJ the water in u at a con- 
stunt. level. The existence 
of Htcam above* the surface 
of Urn Ihjuid was prevented 
T _ I by a draught, pipe f, The 

~ . . zinc vessel was surrounded 

Jp . T E - . by a vessel of wood. The 

T^Ti] - ^ water in a was kept ht irred, 

and its temperature halt 
fl\ B ill c rated by a delicate flier 

'i .~TTrmumeter. As the water 

ll|Ue^4J6 gtew hotter the apparent 

IP l FT^Vv.r;S^^.j »), ...——— weight of the glass grew 

1 %. 21 greater, and weights were 

added to the other pan of 
the balance. An example will illustrate the principle of the enlru 
lations and the order of the magnitudes observed. Thus suppose 
the following to bo the data of an experiment: 


1 %. 21 


Known Volume Weight in Weight In Mum *»f Wiitrr «»f 

Temp. of Glass. Air. Wnto\ itfsplurmt \V»to tllstjikt'rU 

4°.1 c.cm .2*75 grm. 1*75 grm.. t gmi. , ,,,1 c.nn, 

100°. 1*0025 «.om. ... 2 75 jyjiut> • > < ■ >. 1 1 1) gnn# «■.>■• till giin. .. >. <. t"t$0 «?!?*♦ $\i* jii* 


Then density of water at 100° 

_ mass _ * 0 b 

volume *” 11)025 

. Vol. at LOO” _ 1 

Vol. at 4" -'I.Wft 


l-IMi 
1 -oo» 


And the mean cooffieiont of expansion of water Iwtwmm 1 C. and 
100° C. comes out -00044. 
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the dotarmi nation of Mt<* coefficients of itp|mr«ni expnm-iion of liquid^ 
two clonely allied methods have been employed, 

(i) Kopp and Pierre, whose experimentn are among the hmt 

on thin xuhjwt, enclosed their liquids in thermometers having largo 
bullw, unci deduced the rate of exfMifwion front the r j w , u f the liquid 
in the stem. In thin method it i« nm-mmuy to know mu 
capacity hoth of the bulb and of tin* divisions* 
on the atom. 

Their lippnmtitH is shown in fig. l!*J. 

The given liquid contained in a thermo 
meter A w m placed vertically by the side of 
a similar mercury thnimomotni* M in a bath it, 
which wan heated by a furnace, and win we tent 
peraturo was recorded by M. The stems of 
thitw thermometer^ jwismsl tlmmgb a smaller 
bath <>. containing cold water, wide It entered by 
a pipe 0 and, Iwntttg at K t miuntiutted t ho stems 
at it not jut an f tempera! taro, I lebeate thermo 
miter* m ititd «, con tattling ttierenry and the 
given liquid respectively, were filitrwl tit tin* 
upper cylinder, and nerved to imlicuto the cor 
rocthms mnwml fated by fliw iimitigotttinil. (%Set« 

:i?d 

"cutlltn obtained showed that the ro- tig "M 

of e\patiniott of all the liquids tiled 
are uf the wiiiie order of magnitude, ranging from IstiiJBft for 
bromide of phosphorus to tltllb for etliei ; and I lint nil liquids 
expand faster at high than at low letnjieruitires, 

tty flel«rtiiifiif4 i i| lie' r $4 tit»rvury in tl»»*ir fimt luting 

M*lillS for l!»w Al«to»lltlr nt tnr>rri»ry, K«'J»|< nwl iVrir 

ttlf ewiiiaeill »4 * *%t llm glimm «f t>f§§*i§ Ilir'rtipfftiPlcw Wert? 

pmnL Tin# itranu Wiuttui th«*tr i*f ilir? r^j«n4eii «*f 

IfPfttf III ffth'P the «%!«*. 

Tllii iwetiiwf »«* i»fIt’ll Til 11 % *tt$4}«**r Wp till' «‘II 

f b*r ll*|lllf| »ir*»|i«| Wr liiiglll |ir*M'*r.r*| |||l|t. 

fuf ifw* njijiaaft *4 nirmity m mmim vi**!**! 

fttwiliit** »t|ian» 4 i»ti *4 iiir 1 1 nt jp t#miig ft t *» rin, m m«llr»i«| in Art. till, flint 

A# fulfill iff e fur III" I* wl win* Inf 

fl) UWr vp lliw * ij'ittocs* J i if flip «|i’n|pi| in if a# I'tffWMul fur 

Wlleli 4 M A tel llirn itsr «"4ll r-ir *III I I I, 

Ait ifiilfttitietti iii «rili»iiiry UiMimtory ttxi* for thin pttrpow m tlti 

liktoatitiir t#r iivkiniiiiiiter, » ftirin uf which m ilttiwn in fig. 23, A 

w w " €P 
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bulb A is connected at the top with a long graduated open tube b 
and at the bottom with a U-tubo u of fine bore, which can be firmly 
closed by a padded stopper D. 

The weight of mercury is found that at 0“ 0. fills the 1 instrument 
from D to the zero of the scale on B; and also the weight that fills 
the whole tube up to some convenient scale mark on n. These 
observations give the volume of the bull) A and tube c together, 



Fig. 23 


and the volume of any measured length on the 
scale B. 

Taking as known the absolute eoeilicient of 
expansion of mercury, observations taken at 
0 ° C. and 100" 0. with mercury enable the co¬ 
efficient of dilatation of the vessel within those 
limits to bo found. When this is known the 
coefficient of dilatation of any other liquid may 
bo found by observing the rise of the liquid in 
the stem B for some definite rise of tempera 
turo. 

(ii) Weight Thermometer Method. 

—Instead of observing the change 
of volume as indicated by the ad¬ 
vance up a stem, we can cut the 
stem off at a certain point, keep the 
point immersed in mercury, and 
measure how much mercury flows 
in or out of the instrument when 
the temperature changes Such an 
instrument is called a weight ther- ** Uvf 

mometer, and affords a convenient 



laboratory method of determining 
the relative expansions of a solid and a liquid, or of two liquids. 
The instrument is usually bent into the form shown in fig, 24 
The vessel is first weighed when empty, clean, and dry. If is then 
filled with the liquid chosen by the method indicated in Art, 7. 
While cooling, its month must he kept under the surface of the 
liquid in order that the thermometer may be always quite full. 
The bulb is then placed for some time in melting ice dr in a vmm4 
of water of known temperature, and its weight when full at thin 
temperature is observed. Subtracting the weight of the vessel, we 
thus know the mass of the liquid within the thermometer at the 
lower temperature chosen. The thermometer m then mined tn a 
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higher temperature, in a Iwith. Ah it h temperature rises some of 
the liquid overflows, ami this in caught in a capsule and weighed. 
Subtracting thin weight from that last obtained, we ascertain the 
mass of the liquid which fills the thermometer at the higher tem- 


rhen if m, be the 


of the liquid that fills the thermometer 


when cold, and M a the mass that fills it when hot, 

Vol. at r,» 


l I 

Vol. at r t “ 

m,j 

I p ©r j 

whence ft 

... M t - 

- in,. 

m 

9 


m j’.i - 

~ //JjTj 


Thus, «ti|ijawe the liquid to be glycerine, and mtppoft© 

the weight of the empty thermometer 4*7*2 grin 
„ thermometer 


!» 


II 

II 




then the weight of the glycerine at tY 


14*14 

il‘4‘2 


It 


II 


»» 

I? 

*» 

II 


Wii thus have 


!H*2 

S1i:f 

* u 


1 111 
mo ‘ am 




34 , Dulling and Petit cm ployed the weight thermometer to 
determine the eoefiidents of iron and platinum in the following 



t% 3Ji, E*$*fst»l«fi »4 Iip»i itui HuMnwitt 


ffitififtttr. A roil of the metal %tm pliireil tit a gltum tube (fig, ‘25), 
wltieti wit#t then drawn out at one end rnitl filled with mercury at 

until© known l«tm" timipertiftfr©, On heating the iipfiimUis the iner 
cury tluit overflowed wit* it measure of the eiptiiwitut of the solid 
flm that of the mercury »*«» that of the giiww, and the two kat 
fating known the flm! wiw obtainable. 

tint V t lie tlie tutemal ciijiiniy of the vonirl at if! 
it in i V , 4 the volume of the liquid at ff' ;, t 

mill t ^ ,i I, ii ifolid || 0* | 

ifatiti Vi L f V*. 
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Now let the apparatus bo heated to r", then these volumes 
become 

for the vessel Vj(i + e,r), 

„ mercury V.>(1 + //r), 

„ solid V 8 (l + -y); 

and if V 0 be the volume at 0° of the mercury that escapes, 

V 0 (l + yr) = V s (l + yr) + v a (l + ;.\yr) - V,(l + r t T). 

The volumes V 0 and V 3 may be determined by dividing the maases 
of the mercury and metal by their respective densities, and Vj simi¬ 
larly from the weight of the mercury that exactly fills the vessel at 
0°; V 4 , is thus known. The coefficients y and z x being also known, 
the equation gives the value of 

35. It is clear that the weight thermometer may, when the 
coefficients of expansion are known, be in turn list'd to indicate 
temperature; and for some purposes it is a preferable form of the 
mercury thermometer. It has the advantage that mass is capable 
of very exact determination, whereas the calibration of a stem is not 
a very exact operation. On the other hand, the instrument must 
be of considerable mass, and therefore absorbs a large quantity of 
heat, and thus under some circumstances may sensibly lower the 
temperature it is used to measure. 

36. REDUCTION OF A BAROMETER KKADINU. Thw 
affords a useful example, and is often necessary in a laboratory, un¬ 
less a set of tables accompany the barometer. Since the density of 
mercury changes with the temperature, a column of mercury, say 
30 in. high, on a hot day, does not represent the same pressure as 
a column of the same height on a cold day. lienee it is necessary to 
reduce all barometer readings to some standard temperature, usually 
0° C. 

Suppose the temperature to be t„ 0., then if y be the coefficient 
of expansion of mercury, the reduced height //„ is less than the 
actual height h in the ratio of 1 to 1 + yr. The observed height 
should therefore he divided by 1 + yr. 

If the height be measured by means of a metallic scale, a further 
correction is necessary on account of the change of length of the 
scale. Supposing this to bo correct at 0” (l, the effect, of rise of 
temperature is evidently to make the divisions on the wait* too long; 
and therefore the number of divisions occupied by the column of 
mercury is less than it should bo in the ratio of 1 to 1 + xr where » 
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fs the coefficient of linear expansion of the material of which the 
scale in made. The olmerved height ft immt thus he multiplied by 
1 4 * zt . Finally, flu* reduced height 

h - h 1 1 ;T * 

I f IfT 


or, what i« very nearly the name, h u /ijl 4- y: — 1/) T |, 
value of r for lams in * 0000187 # and ?/ in *00018018, whence 


mt 

In 


u 


/ill 


(Kill HU f r! 


f»• * * g * ».fif 1 1 f * | | 

when the scale is made of brass, and in correct at (f Cl 

37. Of HtHNOTION OF A TllKKMoM KTIiR When, aa is 

often the ease, the stem of a t hernmmetcr m at a temperature com 
giderahly lower tlinn flint of f he bulb, it in necessary to correct for 
the error thus introduced. Let the rending be r t and the corrected 

tmniMirature r lt , when n divisions of the stem are at r 3 , the mean 
coefficient of apparent exj«iti«toii of the liquid being K 

Then a mercury column whose length is n divisions at r„ has to 
to corrected to the temfwuature r w , If this column were to rise in 
tettiponiture from r, to r if$ the increase of height (which tneiwnreii 
the tncreiwe of volume) would be n u rr, } r.) divMorw. This, 

therefore, ti the «|itanlify to be added to the reading r v 




or 


38. KX AM FLICS. 


\ L 11 a ( 

■A 

r f — 11 or, 
I ™ 11 o 


L A tor«»ii«’t**r having 11 lirnint r**fm 1 m if/ (<* rraitlh 2IH» in. at If*” F. 

What k fto prtf^iiiw m trtt* up li«t «f m* r*ni| t*'»lnr«I t*» »TJ' F. 1 

t Wfflwtwttf «if tiiii?nr »t1 iitnm f**r 1* F> ? ‘Of'HHU. 

,1 u M i( mere my tt 

(i) Mrrnr, Th«’ «o»t«p «!optpin« ar* tt*n ttlimt !tr«ii*» lit* m*a 4 p is tohiw 

its t«*mjp*r»iur*'- Up- tr«lmg s# fli»*tfsf**r® I«» high In the ratio of 

(j f n^mmui m i 

Tli* mrtwirU nwlittg Ift ;il 1 h }■ tmiilT 3f» a 4f»M)H tm 

(ti) Mrrttr in Mr Jlrr^urf (\Jmmn Him** the m If* 8 ' of 3HT fh«* 

mWMml ItPtjjhl will f«» h-o* ilmti flip Aclm! height i« tip' rali« *»f 1 t&lpOOOi) 




iJi'WwtiS 


% A isImm liitllt wttl* % unilMfiii Hup utfiiii III friii, whim e«i|it|» 

ltf*I grtti. wtot* iIip l»iill» «iil» 1 * full «f »»l IIP’i gnii* wf»ti a teiMtli 
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of 10*4 cm. of the stem is also full of mercury. Calculate the relative coefficient 
of expansion for temperature of a liquid, which, when placed in the same bulb, 
expands through the length from 10*4 to 12*9 of the stem when wanned from 
0 ° C. to 28° C. The density of mercury is 13*6 grrn. per sq. cm. 

The mercury that fills the bulb weighs 107*3 grm., 

107‘3 

the volume of the bulb is - ■■■ * = 7*89 c.em. 

13*6 


Similarly, the volume of 1 cm. length of the stem is 


119*7 - 117*3 _ 2*4 

10*4 X 13*6 10*4 X 13*6 


*017 e.cm. 


Of the liquid the original volume is 

7*89 + 10*4 (*017) = 8*069 c.cm. 

And the increase of volume is 

2*5 (*017) = *0425; 

* 049 r > 1 

the coefficient of expansion 5 = * x ! = *000188. 

8*069 28 


3. The weight of mercury which completely fills a specific-gravity bottle at 
0 ° C. is 15 025.; when the temperature is raised to 100 ° (J. the contents weigh 
14*77 oz. If a piece of copper is put into the bottle, and the latter filled with 
mercury, the weight of the contents at 0° C. is 13*3 oz., and at 100“ (J. is 13*12 oz. 
Tind the coefficient of expansion of the copper, having given 

Sp. gr. of mercury at 0° 0. = 13*6. 

„ copper „ = 8 * 6 . 

Coefficient of expansion of mercury = *00018. 

(1) To find the volumes of the substances at 0 W C. 

Since volume = , 

density 

Capacity of bulb in arbitrary units = ^ ^ = 1*103. 

Now suppose the volume of the copper placed in the mercury to be x such 
units, then its mass = 8 * 6 sc units; and that of the mercury displaced = 18*635 
units. Thus the loss of weight is 13*6ic - 8 *Ca; units. 

/. (18*6 - 8 * 6 )sc a 15 - 13*3; 

£c = *84. 

The volume of the copper is thus *84 unit, and that of the mercury is 
1*103 - *34 = *763 unit. 

( 2 ) Coefficients of mercury and glass. 

The apparent coefficient of mercury in glass = ** *000156; 

and the real coefficient = *00018; 

Coefficient of glass =s *000024. 
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(8) Thun wifrli the notation - 

of Art* 88 wo lmvo 


v‘i 1 * Itt.'l. 

if 

*000 is. 

V., "7h;t. 

and . i 

•U0UU2L 

V a Mh 

ii 

k to 1 m* found, 

Also Vo 


•0182. 




m \ *oiiW(i f -oik) *a t (1 I loo,) { ••/tintHHH) mo;s (H)o:M) : 

/. "M f :i!i liu.i (l•««):*!) l-oi.S(7U»h), 

8*L‘* i"lUM6 'VtUUI *;u 

• 00285 ; 

;.| 'OOOOtlih 

QUESTIONS AND KXKlCiiSKH 

[When not Mated, tin* corlHcomt. of uh«olut«* rsqmmmm of nmmiry may In* 
t&kttU AH *000 18], For othol* nulmt ancon nro tho tshlon. | 

1. Distinguish Imtweeu tin* ooctlhiout of iipimroiit oxjmnHum and tho cwfflriont 

of almohtto ox|wui«mn of a liquid. Donordw* Kogimulfr*H method of dotormin 
ing tho coefficient of nUiolutc mqammou of momiry, 

2. Dmuriho the ordinary |»rm*oi#i of determining tho coefficient of exjmnmon of a 

liquid liUo alcohol or r» meml»omig tin* tiiH'e*anrv }trciiminary tloior«- 

miimtion of tho exjijuimlnhty «<| thr gluon n raw 4 employed, 

3. What would U* tho effect of heat on a thermometer if’ tin* coefficient of oxjhiu- 

«ion of tho liquid won* 'Ottof and that of thr rnvi loja* ’00021 
4* (Itvon tho id mobile tnudflrirnt of rxj«nu*uon ot mercury and tho rubicid oo» 
uffhhent of osjmiiwon of i*hmn, ?4t**w how to find tho ajqmron! coefficient of 
expansion of morrmy m gU**. 

5, How may tin* idwtolnfe expumoon of any mm \nlatdc liquid f»o directly deter- 

mined ? Explain whv tho WUurtn$» of a hot a * «»jd column ehtmuatcH 

tho expansion of tho 4r»o|, If thr «old < ohtmn at I ( \ a or** tin cut. high, 

and tho hot column at U.V (' w« t* 4 cm high**!, what would U* tho id*w»lute 

coefficient of culm a! expansion of th« liquid I 

6, A ghw4 Iiottlo hold it, when quit* full* »i tin* totiij«’nttmc of molting too, 

20 c, in. How many *mm on of Uuhug wate* will it hold? 

7. tf tin* coefficient of it|»fm«« tit r%|iiifi«i*»n iif tin romy in ghu**> l«* rta * Aai what 

nmwt of mercury wdt o%rrff»»w from a weight iliortii»»i»iolrr which rentaimi 
400 grin, of motility ?if u I*, wli**n tin* i*mq*efuture ** rained to tiff <\ f 

8. Mercury i« placed m a giaduated atiaight $\n,m tiling and occupies ItMtilivi 

simw of tho t«d*e» Through how many dogices tiiiwt tho truq*ruturo lm 
rained to niiiito tin* itiofrut \ l»« «»« t*j*y |ti| «iu inom^ \ 

0. Find tho roailing of » thoimoim t« r win**!** hull* t» .tt loir c*, while tlio atom is 

at Ur Ch, mifi|n»f4ifig that tlio «rf*» n »t iho U*tt*iin «f tho atom. 

10* A weight th«*rmotiiofrr % oniamn I # 0 7 gnu. of niorrmy Hi II* ’ F., and only 

17*1 "4 at |W C *, (*aU ulat* tho on|s<ifiainii »if uirrrniy, 

ll» Tho liquid iisrd sn a rortiiin tiiofiiioiiiolor hm c*«*>l!ioiont what 

difertmi *«> would thoro In* iwiwooti list# siieft!p»fip*tc»! am) tho mercury lliof* 

A hwniitmli*? with a IiIiiai %*'alo wlitoh h&» Iwtiii »il|u®tinl »t if CJ, itoiwis i.| 
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778 mm. when the temperature is 20° 0. What pressure in kilograms per 
square cm. does this indicate ? 

13. A solid at 0° C. when immersed in water displaces 500 c. in.; at 30° C. it 
displaces 503 c. in. Find its mean coefficient of linear expansion between 
0° and 30° C. 


CHAPTER V 

EXPANSION OF GASES 

39. RELATIONS OF PRESSURE, TEMPERATURE, AND 
VOLUME.—In considering the expansion of solids and fluids no 
account was taken of the pressure to which the substances were 
subjected. Under ordinary circumstances solids, liquids, and gases 
are alike subject to the pressure of the atmosphere. The magnitude 
of this pressure is continually changing; but while such changes 
produce no appreciable effect on the volumes of solids or liquids, 
they produce a considerable effect on the volume which any given 
mass of gas will occupy. The resistance that air at atmospheric 
pressure offers to compression is only about one twenty-thousandth 
part of that offered by water. Hence the experimental study of the 
expansive effect of heat on gases is complicated by the effect pro 
duced by changes of pressure. These must therefore be considered. 

The pressure of a gas is usually expressed in pounds per square inch or in 
grammes per square centimetre; or since, as in the ease of the atmosphere, the 
pressure may be measured by the height of the column of mercury it supports, fcho 
pressure is often expressed in inches or centimetres of mercury. The pressure of 
the atmosphere is often called simply “an atmosphere”. 

Any portion of gas that is to bo experimented upon must neces¬ 
sarily be confined in a closed chamber, on the walls of which it exer¬ 
cises a definite pressure. If one of those walls be movable, as is the 
case when air is confined by mercury in a tube, and if the pressure 
on one face of the mercury bo greater than that on the other, move¬ 
ment ensues until the pressure on both sides is the same. The 
pressure on a gas is thus the same as the pressure 0/ a gas, and wo 
think often not of the pressure to which the gas is subjected, but of 
the pressure which the gas itself is exerting. 

To describe the condition of a mass of gas wo must state its 
volume, pressure, and temperature. 

The statements of the relations between these three variables are 
the “gaseous laws”. 
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Wo have to consider: - 

(i) The relation between the volume V and the pressure P when 
the temperature r remains constant. 

(ii) The relation between the volume V ami the temperature t 
when the pressure P remains constant. 

(iii) The relation between the pressure P and the temperature r 
when the volume V remains constant. 

40. RELATION RET WEEN P AND V WHEN r IK ('.ON- 
STANT. THE LAW OF HOYLE OR MARIOTTE. By \nmv- 
hig mercury into a U tube (tig, 2 (>) closed at ti and open at Boyle 
and Mariotte each found that tin* volume of the air in the arm tie 
was inversely proportional to tin 1 pressure to which 
it was subjected. If 0/ represent, t in* common surface 
level of the mercury at starting, then in order to 
reduce the volume of the enclosed air to one half of 
its original volume, i.e. to force the mercury up to 
the point t\ the column of mercury tjh must he of the 
same height as the barometer. 

if more mercury be poured in at h until the a 
enclosed air is minced to one third of tin' original ^ 
volume, then the difference between the lewis of the 
mercury surfaces is equal tit twice the height of the "T 
barometer, the total pressure being three atmospheres. 

And so on, Boyles law may be thus stated: The 
volume of u qutuihltf of tjns vanes in vetst /// on the pres Hu 20 
sure; or, since the density of a gi\ en mass varies 

inversely as its volume, the law mnv be stated: The dttmiq of u 

* r * * * 

gas in profnalional it* iis premti e t 

Hence if at constant temperature a given mass of gas occupy 
a volume V* under a pressure P t and a volume \\, under a pressure 

l\ wo have 

Vj l\ ■ - V y V, } a constant, 

41, The tube of fig, Mi) takes a mure convenient form if the 
straight janliotm a and h are connected by a flexible indiarubher 
tube. (Ireater or less pressure on the confined air is then obtained 
by raising or lowering the arm /*. The difference of level between 
the mercury surfaces i#t read on 11 scale placed l*ehind the tulw, In 
the apparatus shown in fig. Ml the U tube has a flunk V screwed tin 
to one arm at the (mint » % ami the larger volume of air thus dealt 
with miikttai the Jirnutgmmmt imini ienttfitve titan the litnple Boyle’s 
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tube. A graduated scale is placed beside each arm of the tube. 
A tap m serves to open and close communication between the 
arms as desired, and a tap e allows mercury to bo drawn oil' when 
necessary. 

The volume of the flask F, as well as that of the tube connecting 
F with a, is accurately known in terms of the divisions marked on 
the arms of the U-tube. 

To prove the law for pressures lower than that of the atmo¬ 
sphere, mercury is poured into the tube at b until the surface level 
stands at aa'; the flask F, which is full of dry air, is then screwed 
on tightly, and some mercury is allowed to flow out by turning the 

tap <t. The mercury will fall in both tubes, 
but not so far in m as in aV. The difference 
between the two readings gives the amount 
by which the pressure of the air in v is less 
than that of the atmosphere in terms of 
the divisions on the scale, in terms of which 
also the height of the barometer is known. 
Several readings are thus taken. As the gas 
in F is allowed to expand, its successive 
volumes and corresponding pressures are thus 
known, and the successive products of the 
volume and the pressure are the same. 

For pressures above that of the atmo¬ 
sphere the mercury is made to stand at the 
level cc! before the flask v is screwed on, 
and more mercury is poured in at h* to obtain 
the increased pressure; the rise in <tr is of 
course less than that in Vd. 

42. Application of Boyle’s Law to a Mixture of Gases. Sup¬ 
pose a mass of air to bo enclosed in a vessel whose volume is V and 
let the pressure of the gas be P,. If more air be forced into the 
vessel the volume occupied by the larger quantity is V, but the 
pressure P 2 must be greater than before. The quantity of air that 
was added also itself “ fills ” the whole vessel and increases the 
previous pressure by an amount equal to the pressure which this 
portion itself would have exerted had it alone occupied the whole 
volume V. And provided that the gases obey Boyle h law and do 
not act chemically on each other, it is indifferent whether the 
masses of gas thus mixed are of the same or of different kinds. 

Quantities of gases whose volumes and pressures are roHjKKstivoly V|P If V t 'P x ' 
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and V.'T," are form! into a vtwwl whnw volumo i« V s , required to find the final 

pre&suro P. 


'or the first gun 

only I’ a V a 

I’iVj ; 

• t> 

• * * SI 

= J UW,). 

V 2 

For the iteetmd 

mdy IV V a 

IV v,'; 

* p / 

• • * u 

= l (IV V,'). 

V, i 

For the third 

only IV'V s 

= IV'V/'; 

• p ft 

• • * 2 

- 1 (IV V/'). 

Va 


/. I* ~ l’i + IV + IV « i-(I\V- + 1',' V,' + p," V"). 


43. LIMITATIONS OP 

BOY LEVS LAW. Boyle 1 ** law was 
long accepted tw perfectly exact 
and equally applicable to all gumM, 
until Desprat/*, by endowing gamm 
in small tubes dipping in mercury 
on which very strong pressure was 
exerted by a Hcrcw, found that the 
surfaces of the mercury in t he iubcm 
which were at the name height at 
low pressures* were at unequal 
heights at high prtwnrea Ah the 
pressure increased, earlwuiie acid, 
sulphuretted hydrogen, and am 
mourn diminished in volume at a 
greater rate than air, while hydrogen 
differed from air in the opposite 
direction. The relation between the 
volume ami pressure wait different 
for each gas, ho that clearly Hoyle« 
law did not apply to them nil Fig. 
28 shows the iipjmritttti introduced 
by Pouilliit for the eonvonient de¬ 
monstration of thmm fact*. 

l lulling mitl Amnii aftarwauvlii cijprr 
merited mi mr f»y iiimitfi *»f & very lull 

Boyl«t*i ttita* The m**rtmry wmi furmai in 

al th«t twntl til ili» titlm t»y a fttittiji, «wi If ip 

volume of the air in the iilmri »rni wan trend 



at interval* w the mitmiry in the fong iiptn .-. 1 1111 . 

gradually ttm t« a bright «f jittout ill ft W«. » 

The ranulte «li«t net imliente ittty 

f«em ftqyt*’* law. Until as* Howover* ytmmmm lev toil pur|K» * 
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fundamental fault. Errors in measuring the heights of the columns arc' unavoid¬ 
able, and one is as liable to make an error of say *3 mm. in reading a column 
•05 m. high, as in reading one of X m. high. As, then, the air enclosed in the 
short arm diminishes in volume the unavoidable errors boar a constantly in¬ 
creasing ratio to the quantity measured, and in this case the errors were suf¬ 
ficiently great to entirely conceal any deviation from Boyle’s law. 


44. Regnault’s Experiments on Boyle’s Law.—For moderate 
pressures Eegnault ascertained the extent of the deviation with 



Fig. 20 


extreme accuracy. The 
more essential portion of 
his apparatus is shown in 
fig. 29 , in which A no re¬ 
presents the Boyle’s tube. 
The arm A, open to the 
atmosphere, was about 30 
m. high, and the arm it, 
which was closed at the 
top by the tap <>, was 3 m, 
high. Tin*, lower portion 
of the tube aub contained 
mercury, of which any 
amount that was required 
could by means of the 
pump u be forced into the 
tube when the tap F was 
opened. The arm on was 
most carefully gauged and 
graduated, and elaborate 
means were taken for the 
accurate measurement, of 
the height of the mercury 
column in A. By opening 
the tap o the tube n could 


be placed in eomxmuiiea- 
tion with a reservoir D, containing the gas to be experimented on, 
which, after having been carefully dried, was forced into the reser¬ 
voir along the tube E by means of a pump until the pressure in i> 
reached any desired value. 


The reservoir D being full of gas and the tube B of mercury, the 
tap 0 was opened and the gas admitted into the tube B until the 
mercury stood at the level of the point marked a . The tap 0 was 
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then closed, mid the height of the mercury in a was observed. The 

tap F was then opened, and by means of the pump <i mercury was 
forced into the tube n until it. stood nearly at a point r, halfway up 
the tube K. The tap k was then closed. The mercury of course 
had simultaneously mounted in the tube A, and its height was again 
observed as well as tin* exact, height in n. 

The tube n and the reservoir l> were each surrounded by a vessel 
of water maintained at a constant, temperature. 

In ene.li ease the pressure in the reservoir U was first adjusted to 
the required value, and the gas then admitted into the tube n. The 
volume was then redueed to one half of the original value. Thus all 
the measurements, whether at high or low pressures, were made 
under the same conditions, and were equally exact. 

If Hoyles law were rigorously true the expression V,P./Y,d\ t 
(where V j\»» represent initial and final \olumes and P,l\, initial ami 
final pressures) would be always equal to 'Phis was never the 

case. For example, when P t mid i\, were equal to the pressure of 
1 and of 10 m, of mercury respectively, bVgnault obtained for this 
ratio the following values: - 

Air, NHrojjt’jj, i'lebimit* Ad*L 

V' 1 '' . h«h» 7. I'lMif." . i ititii.-mtai 

v jl a 


These results show that for no known gas is Boyles law rigor¬ 
ously true, that the amount of deviation from it is different for each 
gas, and that in the rase of hydrogen the deviation is in the opposite 
direction to that of the other gases tried. With air, nitrogen, and 
carbonic acid, since the initial product is greater than the final, we 
see that as the pressure is increased the volume decreases at a rate 
faster than that indicated by Boyle and Machines law. This state¬ 
ment holds for values of the pressure up to about Ih atmospheres 
(see Art. 120). 

45 * Boy!© 1 ® law at High Tampsratum All the above expert 
ments took place at ordinary temjterat tires. KxjwrimentH by Anrngat 
at temperatures between KKI ami *120 showed that sulphurous acid 
and earl amir acid dejstrl much lew* from Boyles h\\ at high than at 
low temperatures, There is thus reason to think that at tempera¬ 
tures sufficiently high above then boiling jaunts all gases would tend 
to behave as hydrogen does, 


gt»§s« 


A FKBPKCT UAH. The de\ iiitions of the more jHU’UMliuiit 

4f» oxygt!ii f hydrogen, mimgen $ emlmnic oxide from IkiyleVi 
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law are extremely small under ordinary circumstances. Tt is, there¬ 
fore, usual in practice to regard the law as strictly applicable to 
them. In reality, however, the law is only rigidly applicable to an 
imaginary gas, which is often alluded to as a perfect gas. 

47. EELATION BETWEEN VOLUME V ANI) TEM¬ 
PERATURE r WHEN THE PRESSURE P IS CONSTANT. 
CHARLES 5 OR GAY-LUSSAC’S LAW.—Charles first remarked 
that the rate of expansion of all gases is the same; but this law was 
first published by Dalton and Gay-Lussac. In Gay-Lussac’s investi¬ 
gations the gas to be experimented on, having been thoroughly dried, 
was enclosed in a thermometer tube having a spherical bulb A of 



Jb'Ig, 30 


known capacity (fig. 30 ) and a long stem which was accurately cali¬ 
brated and graduated and open at the end. The enclosed gas was 
confined by a short column of mercury and since the tube was 
open the pressure of the gas during the experiment was always equal 
to that of the atmosphere. The tube was placed horizontally in a 
hath, and the bath being first filled with melting ice, the tube was 
adjusted, so that all the confined air was inside the bath, and there¬ 
fore all at the required temperature. The temperature of the 
hath was then raised, and as the pellet of mercury was pushed 
out by the expanding air, the volume occupied by the gas at 
successive temperatures was observed. Gay-Lussac tried air, oxy¬ 
gen, nitrogen, and hydrogen at different pressures, and, as the 
result, enunciated the law that all gases when heated expand at the 
same rate , and the coefficient of expansion is independent of the jtreasure. 
This is Gay-Lussac’s or Charles’ law. If a bo the coefficient of 

















ture of H could be adjusted. 

Themanometer mm' was nUn 
contained within n vessel that 
wiw kept full nf water at a 
oonatant temperature r. 

Great eare wi*i taken to 
dry the globe n, the com- 
munio&ting tube*, ami the 
gas iteilf* The gas wa« in 
troduced into n» while the 
vessel 1 was filled with malt’ ^ m 

mg ice. At thin stage nf the 

operation the ttiereitry wm tinwln to aland nt the height in 

the two tubes mm\ and the ga*§ in 11 wit* therefor© at the atmoaphorie 
pressure i* r 

(otri) i 
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The globe B was then surrounded by steam from water caused 
to boil in the vessel E, and as the gas expanded the mercury was 
forced down the branch M and up the branch m'. By turning the 
tap r mercury was drawn off until the level of the surfaces was 
again the same. 

The volume of the globe and of each portion of the tubes 
occupied by the gas had been carefully determined beforehand. 

Let Y be the volume of the globe B and a the coefficient of 
expansion to be found, then, neglecting the expansion of the glass 
and supposing that the atmospheric pressure remained at the 
standard value throughout the experiment, we have 

(i) Initially, a volume of gas V at 0 ° and a volume V x contained 
within M at r°; the total volume reduced to 0 ° G. is thus 

v 

V+ 1 1 . 

(ii) Finally, a volume of gas V at a temperature 100 ° (1 and 
a volume V 2 contained within M at a temperature t° (J.; the total 
volume reduced to 0° C. is thus 


1 -}- 100a 1 "j" ax 

And these reduced volumes are equal. 


\ V+. Vl 

i + «T 


V a. V, 

i, srs». ...» . wwlwwi 

I *4“ 100a 1 -j- (it 


an expression in which the only unknown quantity is a. 

Iiegnault corrected his result for deviations from the standard 
atmospheric pressure and for the expansion of the glass vessel 
The final value obtained for air was *00307 or 1 / 273 . 

49. Weight Thermometer Method. The following method is 
instructive and easily practicable. Lot a large weight thermometer, 
whose weight is accurately known, he carefully dried, filled with 
dry air, and placed with its month under mercury. Lot the bulb 
he then immersed in steam from boiling water; the rise of tem¬ 
perature is accompanied by expansion, and air is forced out. When 
this process is complete allow the thermometer to cool with its 
mouth still under the mercury, and complete the cooling by »ur* 
rounding the bulb with melting ice. The contraction of the air 

* __ • n i j i * . » ... 
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dried, and again weighed. The mass of mercury within it is thus 
known: lot it be m v The instrument is then completely filled with 
mercury and allowed to eool to 0" U. with its month under mercury. 
It is then again weighed, and the mass of mercury that exactly fills 
the apparatus at () M ( is thus known: let it be ///.,. 

Then, neglecting the expansion of the glass, in„ is proportional 
to, and may be taken to represent, the volume of a certain mass 
of air at the boiling point of water, and ///.,«*///, the volume of the 
same mass of air at the freezing point. If the boiling point he taken 
as exactly 100 ’, 

1 F 1 oo«i m,> 

l -» Mj* 


Thus if the muss of the thermometer ifnelf he 5 \\i m.. that of the thermometer 
and the mercury whieh entered «m cooling Hi i;rui„ uud thut of the thermometer 
quite full of mercury 12*8 grm., then, neglect tug tin* rspntimon of the glam, 42*8 - 5, 
i,e. 87*8 units, may l*e taken hh the volume of the inn •rior, and 42*8-15, iui, 27*8 
units, that of the air which mimmnl after m»me had I»eeu e\|>ellod. 

Thus 27**1 volumes at O' become 87*8 volumes at biff , and 


l f lOtlrf 


Whence a 


:\7 a . mo 

2#8 278 * 

l 

2711 


50. RELATION BETWEEN THE TEMPERATURE r 
AND THE PRESSURE P WHEN THE VOLUME V IS 

CONSTANT. RegnnultN apparatus for the determination of thin 
relation is shown in fig. X! % the general atrangement and method 
of procedure being the mute m that indicated in Art. 48 , 

The main point of difference \vm that the gas in the globe it 
was not allowed to expand, mercury being | toured in at %\ f in just 
sufficient quantities to keep f he mu fan* at !he mark l*m the pressure 
increased. Ah no large quantity of ait uas contained within M it 
was not necessary to place the manometei m n bat It, 

The space around It was flint filled with in*, and by pouring 
mercury in at M* or drawing it off at It m required the level was 
adjusted to the fixed mark A When the temperature of it was 
raised to boiling point the mercury surface «t*»od at some higher 
level such as the j**int e t 

Thus a certain muss «»f gan was made to occupy the same 
volume at 0 m at the boiling j«»inl s and the differenee of the 
pressures to which it wm subjected in the two emm was n quantity 
p measured by the height of the mercury column lie, Thtsu if P 




is the height of the barometer (supposed constant and at its stan¬ 
dard value), the pressure at 0° C. is to tho pressure at 100“ 0 . as 
p is to P + p; and taking a as the coefficient sought, t, V and 
Vj with the same meanings as in Art. 48 , and V„ equal to Vj, we 
have 

p {v -|-_} 

l 1 + arj 

= (P+ P ){~ . V .-+ V > \ 

\ )\l + 100a' 1 + a'r/ 

and tho value of a in tho 




the expansion of the globe 
B. The final result was 
that for air the eooflicient 
of increase of pressure 
with temperature was 


found to ho '003663. 


Tn Balfour Stewart's form of thin apparatus the adjust¬ 
ment of tho IovoIh is obtained, not by pouring in or drawing 1 
off mercury, hut by plunging the lower ends of tho tubes m 
and m' into a roHervoir and replacing the tap it by a tte.row, 
which, when turned, moved a plunger in or out of tho rower- 
voir and thus raised or lowered the mercury. 

51. DIFFERENCE BETWEEN THE CO¬ 
EFFICIENTS. — The value of the coefficient « 


not ngoroi 
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ing temperature and volume would necessarily be greater than that 
connecting temperature and procure. If Boyle's law were exactly 
true the coefficients would be exactly the name. 

52 . GASES OTHER THAN AIR,-Regnuult investigated the 

behaviour of many gases and found that the law of equal dilatation 
was only true for the more permanent gases, For gases more easily 
capable of liquefaction the coefficients of expansion diffiored consider- 
ably from the value For example, the coefficients for cyanogen 

wore found to bo *0038129 at constant volume and *003877 at con¬ 
stant pressure. 

53. THE AIR THERMOMETER. The rate of expansion of 
air with rise of temperature is Hindi that 273 e.cm. at 0" C. become 
373 c.cm. at 100 “ G. If, then, air be used as a thennometrie sub¬ 
stance, it is most convenient, in order that the degrees may be the 
same as those of the Centigrade thermometer, to call 0 M C. and 
100 ‘ G, respectively 273“ and 373“ on the air thermometer. Any 
Centigrade reading is converted into a reading on the air ther¬ 
mometer scale by adding 273; thus 4fi ! ‘ G. anti —37" G. correspond 
respectively to 318' and 230 . On account of the very close agree¬ 
ment of tin's scale with that described in (Imp, xx\i, temperatures 
expressed on the air thermometer are often called absolute tem¬ 
peratures; and —273 (\, winch would give theoretically a volume 
aero for any mass of air, is called the absolute zero of temperature. 
We shall always write 0 for absolute temperatures. 

54 . COMBINATION OF THE UAKKOl'X LAWS. If toim 

perature be measured on the absolute scale, the law of Gay Lumhhc 

or Charles taken t he following simple form: Th* volume of any imm 

of gm h jmt}mriw}ml lo ifa absolute (rmptialmr, Since, then, V in pro 

t , (i y 1 * 

portioned to 0 X and to (Boyles law), V oc and in eon 

1 1 tf 

stunt for the same mans of gas. When the volume, pressure, and 
temperature of a tnmn of gas all change together 

v,r, „ v 3 i*, : , 
a l 0 


the suffixes t and 3 imlirating, m Iwfote, initial and final values. 

55* THE DENSITY OK DRY AIR It is often requisite 
to know the density, he, the mass of unit volume, of air. At the 
standard temjwrature IT tX, amt 760 mm. of mercury pressure, the 
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mass of 1 c.cm. has been found to be *001293 grm.; hence at abso¬ 
lute temperature 9 and pressure P the mass of 1 c.cm. of air is 

p = -001293 X 2 0 3 X = -0004644 V grm. 

56 . EXAMPLES. 

1. In a vessel whose capacity is 8 litres are placed 16 1. of hydrogen originally 
at 120 mm. pressure, 5 1. of carbonic acid at 360 mm., 20 1. of nitrogen at 700 mm., 
and 2 1. of oxygen at 500 mm. pressure. Find the pressure of the mixed gases. 

Hydrogen pressure = £ x 16 x 120, 

Carbonic acid „ = J X 5 X 360, 

Nitrogen „ = | X 20 X 700, 

Oxygen „ = J X 2 X 500, 

0 \ Total pressure P = § X 10(192 + 180 + 1400 + 100) 

= 2340 mm. of mercury. 

2. A barometer tube of uniform bore is 34 in. long. A small quantity of air is 
left in the tube above the mercury, so that the barometer registers 30 in. when 
the true atmospheric pressure is 30*05 in. What will be the true barometric read¬ 
ing when this barometer registers 28 in.? 

(1) Initially the volume V x of the enclosed air is 4 units; the pressure is 
the difference between that of the atmosphere and that of the actual moreury 
column, i.e. 30*05 — 30 = *05. 

(2) Finally, the volume V 2 is 6 units, and the pressure P a is unknown. 

V*I\ =*• V 2 I> 2 , 

4 x *05 = 6P fc 

r, = *oi 

The pressure of the air enclosed is thus *0$ in. of mercury. This pressure 
added to that of the mercury column is equal to the atmospheric pressure, whieh 
is therefore 28*03 in. 

3. A glass vessel contains 8 litres of nitrogen at 0" C. and 760 mm. pressure; 

the temperature is raised to 15 u U. and the pressure decreased to 750 mm.; what 
mass of nitrogen will escape ? [1 c.cm. of nitrogen at 0" and 760 mm. weighs 

*00125 grm.; c. coeff. of glass = *000025.] 

(1) Initially the 8 1., i.e. 8000 o.cm., weigh 

8 X 1*25 = 10 grm. 

(2) Finally, the volume of the vessel, and therefore of the nitrogen, m 

8{1 4* 15(*000025)} = 8*003 1. 

At 15° and 750 mm. pressure 1 c.cm. of nitrogen weighs 

-00125 X 7U X tjj~ grin. ; 

8-003 1. weigh 8-003 x 1-25 x 7 J' x . 27S grm. 

76 288 

- 10*00375 x *985 

= 9*3535 grm. 

(8ji Mass expelled = 10 — 9*3535 « *6465 grm. 
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A piece of iron mcnHurmg 1000 e.em. in weighed at 0“ CJ. and again at 
300° C. What will be itn apparent change in weight? 

Cloelflciunt. of gxpanNion of air *000(57. 

„ „ „ iron (linuar) *000012. 

Mivhh of 1000 t’.nn, of air at 0* 1 *200 grm, 

The change of weight in due to a ehange in the weight of the air diaplaeod. 

(1) At 0' 1 C. voltinu! of air dmpluoed KHH) e.em. 

„ weight „ „ 1'2011 grm. 

(2) At 100" O. volume of air displaced 1000(1 q 100(11 X *000012}} 

10011*0 e.em. 

At 100" CJ. 1 e.em. of air weighs '001200 ; |J f l00(*001i(17)} grm. 

*0012011 : 1*1107 grm. 

Weight of 10011*0 e.em. 10011*0 X *0012!?:! g- 1*1107 

•0U111 grm. 

1 nomine of weight l *2011 *04011 - *11437 grm. 


^PESTIONS 


AND EXERCISES 


1» Dencrilw a method of finding the roeftleient of incmi&e of rUuttitnty of a man# 
of air occupying a eonntant volume. 

2. A hundred eubie molum of itir weigh ill gr, when the tmijwiture i« 0" O. 
What will lie the weight of the name volume of air when the temperature k 

20" (I., and the pream re one third of ita original amount, the eoeflieient of 
expansion lining 1 l/llooo t 

8. State eoneiwly the elmmetermtie projwrtitm of |*rrmitnenf and ttkefeeh an 

apparatim for determining their coefficient of evpanmon at cmmtant volume. 

4, A quantity of oxygon gw* oirnpim km t .cm. at 20 (!. What will lie ita 

volume at m <the pleasure remaining eountant I (The eoeflieient of 
expansion for oxygen in 11/lHMU.) 

5, A quantity of gtut nceupic* lltllWJ e.em, at 273 (\ and 7(HI mm. prewure; find 

the volume at 750 mm. prewure »f tlm temj*rrtdure remain unchanged. Aim* 
find the volume of the gAi4 if the prenaure icmmti at 7(Hi mm. and the ttmtper* 
ature fall to 0 i 

6, A quantity of gaa ocrnpu a ft ho e.em. at 17 <mid 7ho mm. prenmire, What 

would Ik* iti* volume pti at HO if the procure tennmi cotmiant ? and (ft) at 

tiff and 700 mm. procure f 

7, A quantity of air occupies 10 e, ft, at IT (\ anti tinder a preamtre of 20 in, of 

mercury. What will he tin volume at 80 (X muter a g»rmwur«’ of 1*200 in. of 

mercury I 

8, A cubic foot of dry air weigh* 540 gr. when the thermometer in at 14“ C. anti 

tint barometer at 110 in. Show that an rqtifil volume of air will weigh atwtsfc 
fttffi gr. whew the thermometer i* at T C. wnS the Imrntiinter at *1W in, 

9, A thousand mine inches of air at Ho (\ are «*ul«l to 0 ‘ C anil at the name 

titne the external pleasure ujKin the air i» doubled, * 1*0 what jh the volutne 
rodmutd, the eoeflieient of expansion of air for PC. P-ifig 'CICIilflil I 

10, Ihmerilie ttegnault** exjierwnenm and ap|*arj%t»K to determine the eoeflieient of 

•xpMUtttm of a tti mm of <ur titwlef wmnUttl pnaMurg, and »t*t« th« otmtduMtm* 
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which he drew from the fact that it differs from the coefficient of increase of 
elasticity under constant volume. 

11. The readings of a true barometer and of a barometer which contains a small 

quantity of air in the upper portion of the tube are respectively 30 and 28 in. 
When both barometers are placed under the receiver of an air-pump from 
which the air is partially exhausted, the readings are 15 and 14*5 in. respec¬ 
tively. Find the length of the tube of the faulty barometer measured from 
the surface of the mercury in the basin. 

12. A closed exhausted brass vessel weighs 3 kg. in air and holds exactly 20 1. at 

0° 0. How much would it weigh in vacuo when filled with water at 50“ 0.? 

13. A cubic metre of air at 0° 0. and 760 mm. pressure weighs 1293 grm. What 

is the volume occupied by 50 grm. of air at 20° 0. and 400 mm, pressure 1 
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57 . COMPARISON OF SOLIDS, LIQUIDS, AND GAMES.— 
It is an almost universal rule that gases expand more than liquids 
and liquids more than solids—a fact, doubtless, to be attributed to 
the general differences of molecular condition prevailing in the three 
states. In solids and liquids the molecular forces offer strong resis¬ 
tance to change of volume however it may bo effected. Thus, for 
instance, to lengthen an iron bar by mechanical moans to the same 
extent as would take place if the bar were heated from 0 U to 100 ° 
would require a tension of from 13 tons to 15 tons per square inch 
of section. The mechanical force necessary to effect or to prevent 
change of volume in liquids is less than that required for solids as 
a rule, and their resistance to expansion under heat is also less. 

The molecular condition of gases is evidently very different from 
that of solids and liquids, and we have the remarkable contrast that, 
whereas each liquid and solid has a special rate of expansion peculiar 
to itself, all gases expand approximately at the same rate. 

It is worthy of remark that the coefficients of similarly consti¬ 
tuted bodies when not the same are of the same order of magnitude. 
Thus we have for 

Solid metals, coefficients varying from *000026 to *000094. 

Mercury, a liquid metal, Inis a coefficient *00018. 

Liquid non-metals, coefficients varying from *0008 to *0016. 

Gases, coefficients all about *00366. 

Another interesting point shown by the tables of coefficients 



condition taken place. For iron Uniting and Fetit found the follow¬ 
ing result*: 

Viilumi' at (T (Voliimx nt I (Ml (!, V»lumi> nt !I(K) <\ 

100000 10O3.V* lOKUM 

From these figures it in mnm that a rim* of temjHuature of ItXT C. 

led to an increase of volume re{tro*oiiU*i by 355 unit*, whereas n 

rise of 300” t\ loti to liti isitTtmttP of 1321 unit*, the* latter numlwr 

being much more than throe time* the former. So Reguanlt in his 

clftiite experiment* on inemirv found 
# ¥ 

Volmm-MO < !. ViilmiiK at HK1 l\ Vi.Ihmw’ at .’l«T G, 

1 1 UlM£» M)6M>7 
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These results are typical. In solid metals a rise of temperature 
from 200 ° to 300° is accompanied by a greater expansion than a rise 
of temperature from 100 ° to 200 °, and generally the rate of expan¬ 
sion of solids and liquids is greater at high than at low temperatures. 

6 o. EXPANSION OF SUPERHEATED LIQUIDS.—Tho co¬ 
efficient of expansion of liquids increases with rise of temperature 
up to boiling-point, and the coefficient of the resulting vapour is 
considerably greater still. If the liquid be heated above “boiling- 
point ” without being allowed to vaporize the coefficient continues 
to increase, and may even surpass that of the corresponding vapour. 
Thus Thilorier found that liquid carbonic acid, when raised in tem¬ 
perature from 0° to 30°, increased in volume at a rate four times as 
great as that of air. Drion and Hirn have obtained similar results 
with several other liquids—e.g., the rate of expansion of water at 
180° is about half that of air, while liquid alcohol at 160° expands 
five times as fast as air. 


6 i. TRUE COEFFICIENT OF EXPANSION.—From the 
preceding remarks it is clear that the value of the moan coefficient 
of expansion defined in Art. 12 must vary with the limits of tem¬ 
perature between which it is determined. If, then, it is required 
to calculate exactly the change that takes place in the volume of a 
solid or liquid, say between 19° and 20 °, the use of a mean coefficient 
between wide temperature limits will not give very accurate results. 

The form of expression for a mean coefficient of expansion is 

1 y _ y 

. where V 2 — V x represents the change of volume eorre- 

V 0 T 2 — Tj 

sponding to a temperature change r 2 — t 1? and V 0 is the volume at 
0 ° C. In this expression the second factor is variable. Suppose r., to 
be one degree above t 1? then the expression represents a mean coeffi¬ 
cient of expansion between two temperatures only one degree apart, 
and in practice this is what is moant by a true confident of expansion. 

Theoretically, tho temperature interval r 2 — should be in¬ 
finitely small. A true coefficient of expansion at t° is the limiting 

1 v — V 

value of the expression ^ . 2 1 when r 2 — t x each diffor only 

*0 T 2 ~ T 1 

infinitesimally from t. There is thus a true coefficient of expansion 
for every temperature, representing the rate at which expansion is 
taking place at that particular temperature. The true coefficients 
of mercury are approximately 

At 0°. At 100°. At 8OCT. 

*000179 -000184 *000194. 
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Hence it is clear that the expression V T = V {) (1 + yr) docs not 
accurately represent the relation between the volumes at r" 0 . and 
at 0 ° C. The expression 1 + yr must he replaced by a converging 
series of the form 1 + y x r + y»f\ Are. Of this series it is usually 
sufficient to take three or at most four terms. Thus we have in 
more complete form V T == V 0 (1 + y x r + ?/./r‘ J ). 

By means of such formulas when the's coefficients y v y,>, &e., have 
been correctly ascertained, the volumes at any temperature may be 
calculated with grunt, accuracy. 

The eoellieients //, //., may la* roughly found in this way. Taking 
Eognault’s figures for mercury (Art. 59), and placing their values 
in the formula, we have 

HH815 1 *()j 1 4- KXb/j + (100)%!; 

1*05597 l‘U[l + miy , + (riOO^/lj; 

and solving these equations for //, and //.,* we obtain y x =* *000179 
and — *0000000:15, which arc* very nearly the values given by 
Regnault. Sueli particular values, obtained from two experiments 
only, are, however, not very correct; accurate values of y x and y it 
are only obtainable by using all the data given by numerous experi¬ 
ments and applying to them the calculus of probabilities. 

Ohappuis has recently made some careful measurements on the 
rate of expansion of mercury, lie used a weight thermometer made 
of the special glass known as rtnr dm\ The thermometer tube was 
over a metre*, long and terminated in a capillary tube. The linear 
expansion of the thermometer tube was first accurately determined, 
and then observations taken of the nmm of mercury expelled at 
various known temperatures. He makes the coefficient y x above 
» *0001817 and y, *L»95 x 10 w . 

For very exjmnmble liquids it is necessary to know more than 
two of the coefficients of the series. Thus, according to Pierre the 
rate of expansion of alcohol nmv be represented thus— 

V T a Vpl 1 + OOUUHr + ‘0UU«0l7r»r* + ‘OOOOOOOOirM t»! # 

V 0 and V f being the volumes at O'* (’ and t Cl respectively. 

Bchaal lias recently measured the expansion of platinum between 
the temperatures of 100 " (l and 190" (l by the method of Fkeau 
(Art. 17). lie found tint! correct expression of his results required 
three coefficients, 

6 a. Different specimens of the same substance often exhibit 
difference# in their thermal proj*ertiea. Ulna# v&rieu m much in 
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quality that the coefficients of expansion of two specimens may 
differ by as much as 30 per cent. The coefficients of different 
specimens of iron may vary 10 or 20 per cent. One of the com¬ 
monest causes of difference between different specimens of the 
same substance lies in the mode in which they have been heated 
and cooled. With many solids it is not the case that after heating 
they always return to their original volume when cooled. This 
fact can readily be verified by removing a common thermometer 
suddenly from boiling water to melting ice, when, assuming that ‘ 
the zero of the thermometer was previously correct, the mercury 
will not fall to the point previously marked as the freezing-point. 

A good thermometer should never be subjected to violent changes of 
temperature. Kapid cooling produces great internal strains in glass 
and the metals; time is necessary for the accomplishment of the 
molecular changes that take place in expansion and contraction, and 
if the cooling is rapid these changes may go on for weeks or months 
before they are completed. 

Masses of metal often show different properties in different 
directions according to the treatment to which they have been 
subjected, such as hammering and rolling, and hence ensue differ¬ 
ences in their behaviour with regard to heat. 

One of the most remarkable substances in tin’s respect is india- 
rubber. When not stretched this substance behaves normally, but 
if stretched by more than a certain force it shortens when heated 
and lengthens on cooling, and within limits the greater the stretch¬ 
ing force the greater the contraction for a given rise of temperature. 

Liquids and gases recover their original volume exactly on the 
reversal of any change of temperature to which they may have been 
subjected. 

Crystals. —In the previous articles the substances have been 
assumed to be isotropic, i.e. to have exactly the same properties in 
all directions. This is always the ease with liquids and gases, but 
not always with solids. Crystals are examples of seolotropic sub¬ 
stances; they have not exactly the same properties in all directions. 

In general they have three rectangular axes, called the axes of elasti¬ 
city, and Fizeau called the dilatations measured along these axes 
the principal dilatations. The linear coefficients of expansion, which 
are measured by the method of Art. 17, may not bo the same along 
these axes. Sometimes expansion along one axis is accompanied 
by contraction along another axis. If the coefficients of expansion 
along the three axes be z v and s* then unit volume at 0°G 
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becomes at r° C. (1 + : { r) (1 + ;:^r) (1 -f £' u r), which is very 
approximately equal to i + r(; I -f* A' “I" *«)• The cubical dilata- 
tion may be measuml by the weight thermometer. 

Eizeau found that, between 10" (l and 70 u (1 iodide of silver 
had a negative cubical dilatation. The emerald, which crystallines 
in the form of a hexagonal prism, contracts along the axis and 
expands in a direction perpendicular to the axis, and the coefficients 
are such that its cubic dilatation is positive above — 4 ‘ 0 . and nega¬ 
tive below that temperature. Iceland spar behaves in a similar 
manner. The diamond, which belongs to the regular system, pos¬ 
sesses a positive coefficient, at ordinary temperatures. Quartz 
expands in one, direction to about flu* same extent as glass, and in 
a perpendicular direct ion about, twice uh much. 

63 . With many substances it happens that within certain limits 
of temperature changes of structure arc* proceeding, so that instead 
of obeying the general law that expansion accompanies rise of tem¬ 
perature, they contract when heated and expand when cooled be¬ 
tween these limits. 

Water. The most remarkable exception to the general rule of 
expansion is furnished by water. It lias long 
been known that water contracts from tb to 
about 4 M , and then expands from t ‘ to too . 

Temperature of Mari mum ihnMip *»/ Hotter, 

—Deaprotz made a series of experiments to 
determine tins. A cylinder of water origi 
nally at 10 *' suspended in a cold chamber con 
tained four thermometers at dtilerent depths, 

As water cools to about I its density in 
creases and the colder water fiiii h to the 
bottom. When below t the roldrr water is 
less dense and pusses to the tup, l >espreU 
saw that there must be a moment when the 
first of these processes in just reusing and 
the ftocond just beginning. At that moment 
all the thermometers register the winie tein 
pemture, whieh is the temperature of maxi- 
mum density. A careful study of tin* titer 
mometers led hint to tin* vable .1 pH' (\ 

Joule’s method was us follows: Two 
vertical tubes n and a\ ukint t| ft, high and <1 in. in diameter (fig. 
33), were connected at the top by a horizontal trough t\ utnl at the 
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bottom by a small tube l. This tube was provided with a stopcock, 
and the trough c contained a light glass bead. The whole apparatus 
being filled with water and the stopcock closed, the temperature of 
the tube a was made higher than that of a'. This difference of 
temperature generally established a difference of density, such that 
on the stopcock being opened and connection established, water 
passed along b from a' to a and along g from a to n/, the motion 
being detected by the movement of the bead. If, however, tin 1 , den¬ 
sity of the water in a was the same as that of the water in a the 
bead did not move. The temperature of a was made somewhat 
above 4 ° C. and that of a' somewhat below, and adjustments were 
slowly made as indicated in the table here quoted; 


Temperature (F.) of 
Warmer Tube. 

Temperature (F.) of 
Colder Tube. 

Menu. 

Velocity of 
Current 
in Tube ft. 

Oiroetion of 
Current. 

10-959 

37*303 

89*1(51 

20 

Warm to cold. 

40*905 

37*3(58 

39*13(5 

8 

Warm to cold. 

40*711 

H7-317 

39*0 M 

40 

(’old to warm. 


The temperatures were indicated by sensitive thermometers 
reading to of a degree, and the above table el early shows that 
the temperature sought is very nearly 3 ( J*1 U F., or 3*1)5' 0 , 

The temperature of maximum density of water is lowered )>y 
the presence of salt in solution. Sea water continues to eontraet as 
it cools down to its freezing-point, which is about — I' (h, and with 
stronger solutions the temperature of maximum density is below 
the freezing-point of the liquid. 

Sulphur, according to Kopp, behaves in tin*, same manner, 
having a maximum volume at a certain temperature. The changes 
in other physical and chemical characteristics which sulphur under¬ 
goes with change of temperature are well known. 

In these cases it is clear that molecular changes are proceeding 
of a special character, such as crystallization, which mask the simple 
expansion that takes place in homogeneous substances. Contraction 
may be produced in other ways as well as by cooling, and in these 
exceptional cases more processes than one are in action simul¬ 
taneously. 

64 . GRAPHICAL UKIMiKSKNTATION OF EXPANSION 
WITH TEMPERATERE. —The law showing the relation be¬ 
tween volume (or length) and temperature may be conveniently 




represented oy a curve. 
Regnaulfe recorded the results 
of his experiments on mercury 
(Art. 29) by a curve on a 
large copper plate. 

Two linen are drawn at 
right angles to each other, 
as in fig. 24. The point- o 
is called the origin and the 
linos <)V, or the axes. Tom 
peratnres are measured along 
OT, and volumes along ov. 
The curve uttbr represents 
the expansion of alcohol. If 
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_ . ~ to indicate 50° on the axis of temperature 

Markina on a distance* 

and a distance to indicate 54 c.cm. on the axis of volumes, and 
drawing through these points lines parallel to the axes the point « 

Hi?) 01) v(1j1 11 OCl * Hi, 1 lcVl 1"uilLO 



points b and c are fixed. 
Then a regular curve drawn 
through 0 ((ba represents the 
relation between tempera¬ 
ture and in crease of volume. 
If the expansion were pro¬ 
portional to the tempera¬ 
ture the line would bo 
straight. The line <>dvf 
represents the curve for 
the expansion of 10,000 
parts of mercury. It is 
very nearly straight, indi¬ 
cating that the rate of ex¬ 
pansion of mercury with 
temperature is very nearly 
uniform. 

In a paper by Rosotti 


Fig. 30 


on the expansion of water 
are given the results ob¬ 


tained by eight observers, several of whom kept the water in a liquid 
state below 0° C. The mean of these results is given in the follow¬ 


ing table and shown graphically in figs. 35 and 30. 'Hie rate of 
variation near 4°C. is seen to he very small, hut not proportional to 


the change of temperature. 


Expansion of Water 


Temperature. 

Volume. 

TemiHU-iitutT. 

Volume. 

-10° C. 

. 1 *001804. 

10" V, . 

1*000200. 

-8° „ . 

. 1-001880. 

14" „ . 

1*000700. 

-6° „ . 

. 1*000892. 

ir ,, ...... 

l*0018f)4. 

-4° „ . 

. 1-OOOA46. 

a-r n . 

1*002044. 

(T)0 

. 1*000808. 

«»««•* 

1*004874. 

0° 

. 1-000180. 

40" „ ...... 

1 *007095. 

1° „ . 

. 1 *000072. 

f»0".. 

1*011941. 

2° „ . 

. 1*000082. 

HO". 

1 *010919. 

3° „ . 

. 1*000008. 

70" „ ... .. 

1 *022555. 

4° „ . 

. 1. 

80" „ ...... 

1 *028809. 

6° „ . 

. 1 *000080. 

90" ,, ...... 

1 *085075. 

s° 

i *nnm is 

mrr 

1*04 SI 30. 
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The variations of volume of water in 
different physical stales are broadly in¬ 
dicated in fig. 37, but the changes arc 
so small at one. part of tin', diagram and 
so large at another part that it is im¬ 
possible to draw them to scale. 

65. EXAMPLES. 

1. Each aide of a cuhc of cryntal low at O ' O. 
a length of 1 nil. If the coefficient* of linear 
expansion of the cryntal parallel to three mutually 
perpendicular edgen of the c.uhe an* renpectivcly *0000088, '000008-1, *00000-17, 
calculate the volume of the culie at 10” < \ 

The precise volume at 10 (\ (1 *0000,S3) (1 *00008-1) (\ *000047), 

which i« very nearly equal to 

1 p *00008;$ } *00008-! { *000017 ' 1*000214 c.cm. 

2. Find the reading of a mercury thermometer if the hull* and stem up to the 
zero graduation are etponed to a temperature of 800” U, while the mmaindcr of 
the stem in at 20" (assuming the coefficient* of euhieal ex f nitwit m of mercury 
and glass to lie '00018 and *00008 reHjwcetiwly. 

Let tlie thermometer reading l»o x\ then x division-volumes of the mercury am 
at 20*; if they were at 300" the x divisions would oeeupy 

«*{i p , 2HO{'OOOIf»)J 1*042 divinsoti’volume, 

and the thermometer would read 300 ; 

HH2,r 

x 2H7U . 

KXKIK’ISKS 

X. Oomjatre the density *»f iron at 0 and 200 , given the coefficient of linear ex* 
jMwmion ss *000012. 

% Cbmjmre the denmfy of air at 10 t \ and 730 mm pressure with that of hydro¬ 
gen at f»0’* (’. and 1000 mm, premure. 

8, RtsserUm tlie change* of volume and temjw*rature winch a j»mmd of melting ico 
undergone when heat « eonttftttitJly ajipliwl to tt until it stenm. 



Kiir 37 
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CHAPTER VII 

SPECIFIC HEAT—CALC) RIM ETBY 

66 . Thus far we have been concerned chiefly with the relation 
between volume and temperature, and in determining by how much 
the volumes of different substances change when their temperature 
undergoes a known alteration. The quantities of heat that have 
been required to effect these changes have not been considered; but 
in the next three chapters the attention will be mainly directed to 
the measurement of the quantities of heat that enter or leave bodies 
during the operations. In this chapter we shall bo concerned with 
the measurements of the quantity of heat which is necessary to 
raise the temperature of a body by a given number of degrees; and 
in the two following chapters, of the quantity necessary to effect 
change of physical condition. 

67 . UNIT OF HEAT.—We have no means of measuring the 
quantity of heat a body contains. To come within our eognimneo 
heat must pass out of one body into another, and it is measured 
by the effect it produces on that other body in raising its tempera¬ 
ture, in increasing its volume or its pressure, or in changing its 
physical condition. In order to obtain a unit by which to measure 
heat we have to choose which of these effects shall be taken, and 
then what substance and what mass of that substance shall reccivo 
the heat. The effect usually chosen is change of temperature, the 
substance water, and the quantity unit mass. Thus a unit of heat 
is defined in general terms as the amount of heat required to raise unit 
mass of water through one degree of tempmitare. But, as will appear 
later, this is not sufficiently definite, for the quantity of heat re¬ 
quired to effect this change varies with the temperature at which 
the heat enters the water (Art. 76). Hence a precise definition 
should state at what part of the temperature scale the change takes 
place. Using the gramme as the unit of mass and the Centigrade 
scale of temperature, the unit of heat (called the gramme-degree or 
calorie) was defined by Rognault as the quantity of heat required to 
raise one gramme of water from (T C. to i° 0. If for one gramme we 
substitute one kilogramme the unit is called the major calorie , If the 
unit of mass is the pound the unit of heat is called the pound-degree. 

Sometimes the Fahrenheit scale of temperature! in uwkI. In that ease the 
pound-degree is five-ninths of that defined alcove. This scale in, however, very 
seldom used when the gramme is the unit of weight. 



When thus defined the unit of heat is perfectly definite, hut it 
must bo added that in ordinary practice the limitation “ from 0“ ( 
to r’O.” if* not observed, and that. tin*, quantities of heat, required to 
raise the temperature of a mass of water from /' (\ to (,r 4 - 1)" 0., 
or from 0° to V\ art', taken as equal when ,r is any ordinary tempera¬ 
ture. Some investigators now take the temperature rise from lf>" 0. 
to 16° 0. instead of from O' 0. to 1° (1. in the definition of their unit; 
others define the calorie as the t ( ‘ >0 th part of the heat required to 


raise unit mass of water from 0" 0. to 100" (1. Thus the O’, the m 


p? u 


and the mean calorie are. all in use. 

68 . TIIKRMAL (WPAHITY. We have in Ohap. I given a 
qualitative idea of tin* meaning of this term in its general sense. 
The thermal capavihj 0 / unit mass, which means the number of units 
of heat required to raise the temperature of unit mass of the sub¬ 
stance through 1 ' (l, is called the specific heat of the substance. 
The specific heat of water is thus unity by the definition of the unit 
of heat. 

The total thermal capacity of any mass is equal to the product 
of its mass by its specific heat; this is sometimes termed the water- 
equivalent of the body. Thus, the specific heat of brass being *00.20, 
the equivalent, of ‘200 grin, of brass m 1 S-78 gnu. of water. The 
quantities of heat taken in or given out by these masses during the 
same change of temperature art' equal. 

Mftim Snemfio Heat. The Mttcrifir heiif, of a hodr is nmnsm'iul 


by determining how many units of heat an* required to raise some 
known mass of the body through a definite range of temperature, or 
how many such units the body gives out in cooling through a known 
range of temperature. 

If 11 represent the heat absorbed by the body, m the mass, 

and r,j — r| the range of temperature, the specific heat K 

II 

. This m railed the mean ttpeeifie heat Wtwaim the 

m(r 2 - r,) 

temperatures r,A and r x . (C’ompare Art. 12,) 

69, 0ALOUIMKTKKS. A calorimeter is an apparatus used 
for mofifturing quantities of heat. There are many forms of enlorb 
meters. In all of them it is desirable that arrangements should lie 
made to cheek interchange of heat between external IhhUcs and those 
that arc the subject of ejqwrimem. The lower part of fig. till shows 
a form suited for general work. It consists of two eopjter vessels 
00 ami tt K % one iup|»ort4id inside the other by means of some non* 
conducting suiwtamm, tho opjwmito being kept brightly 
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polished, and each furnished with a lid through which pass a ther¬ 
mometer and a stirrer. In accurate work these are often enclosed 
in another large vessel H made of tin, and having double walls, the 
space between which is filled with water. 

70 . METHODS OF DETERMINING SPECIFIC HEAT.— 
We proceed to describe some of the methods by which the specific 
heat of a body may be determined. 


A. Solids 


The Method of Mixtures. —The principle of this method is to 
place in intimate contact known masses of different substances at 

different temperatures, of one of which the specific heat is known, 

and then to equate the loss of heat of one body with the gain of 
heat of the other body. Water, whose specific heat is by defini¬ 
tion unity, is commonly taken as one of the substances. A simple 

experiment will illustrate the principle. 

Place a pound of brass wire in boiling water ( 100 u (l) for a few 
minutes; then quickly transfer it into a pound of cold water con¬ 
tained in a thin glass beaker in which stands also a good thermometer. 
Suppose the water was initially at 15° 0. and finally at 22*3° G. 
Then the brass has fallen through 77*7° (100° to 22*3 U ), and in doing 
so has parted with sufficient heat to warm the water through 7*3° 
(15° to 22-3°). Therefore the capacity of brass for heat is evidently 
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of that of water; hence the specific heat of brass is -094. 


In general symbols, if m l be the mass of the solid, S its specific 
heat, and t, its initial temperature; the mass of the water 
(including the water-equivalent of the vessel), and t., and t {} the 
initial and final temperatures of the water, then we have 


Heat given out by the solid on cooling = S x x (t, — t 8 ), 
Heat communicated to the water = w. 2 (r n — tv,), 

and these are equal. S = T ^, 

W|(T| - t 8 ) 


This method is sufficient for preliminary values to servo as a 
basis for more exact measurements, but it is the barest form of the 
experiment and would not furnish accurate results, for the following 
reasons: (i) Some of the heat of the wire was lost during the act of 
transference from the hot to the cold vessel; (ii) the wire earned 
hot water with it; (iii) some of the heat of the wire was not com¬ 
municated to the water, but was absorbed by the beaker itself; 



The central cylinder AK m dry; it m clewed at the top hy a cork K 
and at the bottom hy a sliding plate of metal K, Within this central 
cylinder in mncjHmdod hy a thin silk thnmd the piece of solid u to 
experimented on. 

W© give tins details of tin actual exjmriment cm a piece of zinc 
weighing 185**1 grm. The calorimeter (of brims) weighed 205*3 grm.; 
its water-equivalent was therefore 205*3 x *0039 *a 111*28 grm That 
of the thermometer placed in the calorimeter wits HI grm. The 

water within the calorimeter weighed 2511*25 grm. The total mass 
to be rained in tttiiijwratnre w m tlnii equivalent to 111*28 + HI + 
289*25 » 280*43 grm. of water. The xinr wm loft in the central 

cylinder for about t| hour* The temperature of the room wm 18*8® 
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and the temperature of the water in the calorimeter, as indicated by 
a delicate thermometer, was 14*5° C. when drawn from the tap, and 
was observed to rise at the rate of ‘04° per minute. When the 
temperature of the calorimeter was 14*62°, the thermometer in ak 
recording 100°, the calorimeter was quickly slid into its place, E 
removed, K eased, the zinc let down into the water, and the calori¬ 
meter slid out of its position. Tho water was stirred by moving 
the zinc about, and the immersed thermometer was read. At the 
end of half a minute it had reached 18°, after one and a half minute 
it read 19*6°, at the end of four minutes 19*44°; and the experiment 
was at an end. 

The result was deduced thus: Half a minute elapsed between tho 
reading of the thermometer in the calorimeter and the immersion of 
the zinc; the temperature of tho calorimeter was therefore 14*64. 
The calorimeter containing tho zinc was exposed to the room for 
\\ minute. During tho first half-minute its average temperature 
w*as £(14*64 + 18*0) = 16*3, sufficiently close to tho temperature of 
the room to render correction for radiation unnecessary. During tho 
next minute its average temperature was 1(18 + 19*0) = 18*9°, 
which was 2° above the room, tho loss by radiation being thus 
sufficient to cause the thermometer to fall *05°. The final corrected 
reading of the thermometer was thus 19*65° C. 

The fall of 185*3 grm. of zinc through (100 — 19*65)° C. gave out 
heat enough to raise 280*43 grm. of water through (19*65 — 14*64)°. 

Hence 185*3 x 80*35 xS = 280*43 x 5*01 


g _ 280*43 x 5*01 
IMTx.80*35 


*0947. 


For general results see p. 87. 

72. Specific Heat of Ice. —This was thus determined by Per¬ 
son. A known mass of water was put into a flask of thin copper 
and a delicate thermometer immersed in it. Tho flask was then 
kept for some time in a freezing mixture. When tho water was 
frozen and the ice at a temperature considerably below 0° O,, tho 
flask was transferred to a calorimeter containing a known mass of 
warm water. Tho mercury of the thermometer immersed in the 
calorimeter at once began to fall and that in the ice to rise. The 
indications of the two thermometers gave the ratio of the thermal 
capacities of ice and water. 

Thus, if the masses of the ice, the copper flask, and the warm 
water were respectively m v m 2 , and m B grammes, the original and 
final temperatures of the ice — r° C. and — r® 0., and those of the 
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warm water t,>° (l and r :$ n C„ then, taking *095 for the specific*, heat of 
copper and S for t hat of ire, we have 

Heat given out by Urn warm water ///..(t., — r t{ ) calorics, 

Heat absorbed by the ice and flask (N//q + •09f»// >l )(T — Tl ) calories, 

and equating these values S is determined. The value obtained 
was T)04. 

73 . JOEY’S STEAM (U LORI METER. A useful method of 
calorimetry has recently beam worked out by J. Joiy. 

Fig. 39 indicates his arrangements for measuring specific heat. 
The substance to bo experimented on is 
placed in one of the pans, a, of a balance, 
and this pan, which is made of platinum, is 
enclosed in a metal chamber It, and is sup 
ported by a thin platinum win* passing 
through a plug of plaster of park 'flic 
equilibrium of the balance is, of course, 
maintained by weights placed in the other 
pan. Into the top of the chamber it pusses 
a pipe from a boiler full of steam, which, 
when the communication is opened, rapidly 
fills the chamber it and pusses out through a 
pipe at the bottom of the chamber, carrying 
the air with it. When the air is all driven 
out the exit pipe is nearly closed, and strum 
condenses on the pan A and on tin* substance 
which it contains. The weights which it is 
necessary to add to the other pan of the 

balance to maintain equilibrium, give the mass of the steam thus 



condensed. The heat given out by this steam in condensation \h 

absorbed by the pan and the substance which it contains, while 

their temperature is rising from the initial to the final value*-* 

Let wi| mass of substance in the pan A, 

S ■■■• iipeeifie heat of that substance, 
t j and r.j initial and final temperatures of A, 
tf thermal cajmeity of the pun A, 
m.j mass of steam condensed, 

L latent heat of the steam (Art. 113); 
then Heat given out 

Heat fibaorkd *■■■■* (m t S 4 i/f (r, 4 — Tj) t 

and w 3 L (riqS 4* q) (r g — Tj), 
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The quantity q is determined by an independent experiment 
when there is no substance in the pan A. A correction is necessary 
for the hydrostatic upthrust of the steam in the chamber. To pre¬ 
vent condensation of steam on the supporting wire it is surrounded 
by a spiral of platinum wire which is heated to redness by an electric 
current passed through it. 

74. Specific Heat at very high Temperatures.—In determining 
the specific heat of platinum between 0° and 800° C. Violle proceeded 
thus: One of Deville’s porcelain air thermometers (Art. 193), and 
another porcelain vessel containing the platinum were put together 
into the same muffle, heated by a gas furnace. When sufficiently 
heated, the vessel containing the platinum was taken out and the 
metal therein shot into a platinum eprouvette standing in the water 
of the calorimeter (or straight into the water). When the eprouvette 
was used the time of cooling was about 15 minutes, in the other case 
a few seconds, but in direct plunging steam is formed, although 
Violle says this was of negligible quantity. 


B. Liquids 


n 



tig. 40 


linder M, standing in a bath, by means of 


75. The method of 
mixtures is also applic¬ 
able to liquids. The 
= liquid whose specific 
heat is to be deter¬ 
mined maybe enclosed 
in a thin vessel, which 
must be, of course, 
allowed for as above; 
or we may proceed by 
placing in the given 
liquid a known mass of 
some suitable hot solid 
whose temperature and 
specific heat are known. 
(Art 82, Ex. 4.) 

The apparatus shown 
in fig. 40 was used by 
Kegnault. The liquid 
was contained in a cy- 
which it was made to take 
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any temperature required. The vessel m wan eon nee ted by a tube 
G with a reservoir containing air, the pressure of which was so 
adjusted as to force the substance in M to retain its liquid state 
whatever might be the temperature of the bath. By opening the 
stopcocks at H and a simultaneously a known mass of the liquid 
was forced to pass into a vessel o standing in a known mass of 
water within a calorimeter. The rise of temperature of this water 
gave the heat evolved. Experiments were made with many liquids 
through various ranges of temperature. 

SPECIAL METHODS FOR LIQUIDS. The two following 
methods are specially applicable for determining the specific heat 
of liquids. 

Method of Cooling*. If a mass of warm liquid hang within an 
enclosure kept at some lower temperature, the liquid cools, and it is 
found under those circumstances (Uhap. XVI) that the rate at which 
it loses heat is proportional to 

(i) The, temperature of the warmer body. 

(ii) The temperature of the enclosure, 

(iii) The extent and nature of the radiating surfaces. 

It is independent of the nature of the liquid. 

If, then, different liquids cool at different rates wider esadly 
similar einimdanee^ when it is known that they are emitting equal 
quantities of heat per second, the (’fleet must he due to the fact that# 
the heat radiated lowers their temperatures unequally owing to their 
unequal thermal capacities. 

A thin copper vessel coated outside with lampblack is filled with 
a known weight of the liquid at a moderately high temperature, 
and suspended by badly conducting threads inside a largo copper 
vessel coated inside with lampblack, which stands in a bath of water 
at the temperature of the room. The whole is covered by a lid 
through which a thermometer jMisses into the liquid. The time 
taken by the liquid to fall through a certain range of temperature is 
observed. The whole experiment is then repeated under the same 
conditions with the vessel filled exactly to the same height with 
water. The quantity of heat radiated in unit time by the liquid 
equals that similarly radiated by the water, and the equation gives 
the specific heat of the liquid. Thus, suppose that *28*7 grm. of a 
liquid whose specific heat is S cool from 55’ to 25’ in 18*5 minutes, 
while 3D8 grm, of water under exactly the same conditions take 
33*25 minutes. Then the heat given out by the liquid jam minute is 
S X 28*7 X 30 *r 18*5 46*5 S units. And the heat given out 
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by the water per minute is 34*5 x 30 -f 33*25 = 31*02 units. But 
these quantities are equal; 

/. S = 31*02 4- 46*5 = *668. 

In general symbols, if t x = number of seconds taken by the given 

liquid to cool from C. to r 2 } C., 
t 2 = the same quantity for water, 
m x — the mass of the given liquid, 
m 2 = the mass of the water, 

S = specific heat of the liquid, 

A = a constant depending on the radiating 
surface; 

then the heat given out by the liquid per second ~ 

Ilj = A X S X 7/q X (r t — To) 4- t lt 

and similarly for the water 

Ho = A x x (r x ~ r 2 ) 4* t v 
and ‘ * H x = H 2 ; 

• Q — h m 2 
*» n h 

The water-equivalent of the vessel and thermometer should bo 
included in the values of m l and m 2 . The method of cooling has 
been applied to solids, but the results obtained were unsatisfactory* 
During cooling, the interior of a solid is hotter than the exterior; 
and as different solids have very different conducting powers, the 
amount of such difference of temperature would not be the same for 
any pair of substances. Thus the temperatures of cooling solids have 
no definite or comparable values. With liquids, however, convection 
currents are formed, and by stirring it is possible to keep the tem¬ 
perature of the mass very nearly constant throughout. The method 
is therefore applicable to liquids but not to solids* 

It is better that the calorimeter should be largo, have its surface 
blackened, and be suspended within a larger vessel which has water 
between its hollow walls, and is supplied with a lid of the same com 
struction. The radiation is thereby made more uniform. 

Error is liable to occur in the record of the temperature, as the 
temperature of a small thermometer when that temperature is 
rapidly changing is not accurately represented by the reading. 

Eleotrical Method (see Chap. XIII).— The following method of 
comparing heat capacities is especially adapted for liquids. Two 
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spirals of wire constructed exactly alike, ho an to have the same 
electrical resistance, are placed in series in an electrical eireuit; the 
same current Hows through both, and therefore the quantities of 


heat produced in the spirals are equal. If, then, these spirals are 
respectively immersed in equal masses of two liquids, each contained 
in a calorimeter, the rise of temperature produced in the liquids in 
inversely as their capacities for heat. The masses of the liquids 
need not bo actually the same in practice, as any difference can be 
accurately allowed for in the calculations. It is necessary that the 
liquids should bo well stirred during the experiment. To render 
the method applicable to liquids that, conduct the (dectrie current, 


Pfaundlor employed spirals of glass tubing filled with mercury. 



. Specific Heat of Water.- One of the most careful invosti- 
s on specific heat yet made was that of (-allendar and Barnes 



The heating wire a, terminating in eopjMtr tubes h % was enclosed in a 
tube e. Round this inner tube r vnuh a larger tube d which formed 
a vacuum jacket (Art. 122), and in turn tins tube was enclosed in 
a water jacket <•¥, Water entering in by a pipe / [sowed continuously 
through the tube r and out by a ptjie #/, Another stream of water 
passing in by a pipe h flowed through the tube r and out by a 
pipe L As this inner stream hat! previously jrnwed through a pipe 
immersed in the tank which supplied the water to the jacket, the 
two streams of water entered the calorimeter at the same tempera¬ 
ture. Radiation losses were greatly reduced by the vacuum jacket. 
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The temperatures of the ingoing and outflowing water were mea¬ 
sured by platinum thermometers n and n (Art. 195) placed in the 
copper tubes b. The heating current entered and left by terminals 

The water that flowed from k was collected and measured. 
Let its mass be m, and the time of flow / seconds, the thermometer 
readings r l and t 2 , and the mean specific heat of water between 
these temperatures S. Then the heat developed per second was 



the term h(r l — r 2 ) representing the loss. 

The electrical energy was measured in the following way. The 
same current C was maintained through the wire a and through a 
standard coil, and the differences of potential and R, between the 
ends of these two coils were indicated by voltmeters. Then, if r x 
and r 2 are the respective resistances of the wire a and of the standard 
coil, we have 

E a = (}i\ and E.j = Gr.j 
v v 

• Lj \ l4 2 — () 2 r 

• • « ~ ° 'l***... \^) 

1 2 

which represents the energy developed per second in the wire a. 
Hence xSx(r,- t.,) j + {%, - r,,)|.(3) 


A second experiment was made, in which the value of 


m 

t 


(the rate 


of flow) was reduced to about one-half of the above, the current 
being proportionately reduced so that the rise in temperature was 
the same as before. Then for the second experiment also 



These two equations (3) and (4) enabled the term h(r l •— r 2 ), repre¬ 
senting the heat losses, to he eliminated and K to be found." 

The value obtained for B at 37*5° U was *99733; for tempera¬ 
tures ' 





SPECIFIC HEAT—CALORIMETRY 


ijrly 


C. Gases 

77 . TWO SPECIFIC HEATS OF GASES.—With regard to 
specific heat, gases present a striking contrast with liquids and 
solids, duo to the large amount of expansion which ensues on heat¬ 
ing. The change which solids and liquids undergo in this respect 
is too small to affect the values found for their specific heat, but 
with gases the change is far too great to he neglected. The gas 
must be heated and cooled during the operation of finding its specific 
heat, and very different results are obtained according as ate gas is 
allowed to ex {wind or not during the process. The simplest plan 
is to take a thin vessel and find how much heat is required to warm 
it through say 100 ”, first when empty, and again when full of the 
gas; but the mass of the gas within the vessel is so small compared 
with the mass of the vessel itself, that the measurement is one of 
difficulty. 

The result is called the specific heat at constant volume, See 

Chap. XXIIL 

The value obtained for the specific heat when the gas is allowed 
to change its volume under constant, pressure is called the specific 
heat at constant pressure. 

Regnault’s Determination of Specific Heat at Constant Pres¬ 
sure.— The method employed by Regnault was in principle the same 
as the method of mixtures, 

A steady stream of hot gas under a constant pressure was passed 
through a calorimeter and there gave tip a portion of its heat to a 
known quantity of water. Fig. 4*2 shows the apparatus employed. 
It consisted of four chief jmrts. 

The gttxhMw a was 11 reservoir of 35 L (about I “25 e. ft.) etijm 
city, standing in a vessel of water which w m agitated by a flat ring 
a, and whose temjmrature was given by a thermometer T. From a 
the gas was passed through u continuous set of tubes ami spirals xeh 
into the atmosphere, 

The ttmMmj Jpfmmlm h,—T he gas was heated by {mwing through 
a long spiral immersed in an oil Imtli, The oil was kept stirred by 

an arrangement a* and the turnpernttire was road by the thermo¬ 
meter Tv 

The OnImimeler a —The gas wtwt cooled by {Missing through m 
spiral immersed in cold water kept stirred by tf and whose tumpera- 

tare was read by the thermometer t\ 

% 

The JieffukUor r.—As the gut left it, the pressure in u, and there 
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fore in the tube x, was continually diminishing throughout the ex¬ 
periment, and it was necessary that the rate of passage of the gas 
should be constant. This was effected by the regulator r, in which 

































redetermined by W. F. (*. Swann by Urn electrical method described 
in Art, 7 CL 


A steady stream of the gas was jawaed through a jacketed tube, 
and during its passage wan heated by a coil of hot platinum wire 
through which a current of electricity was (matting. The temjjem- 
turn of the gas as it entered and left the tulm was read by two 

platinum thermometers. The rate of flow of the gas wait determined 
by passing it through a number of fine metal tulws in fmrallel and 
measuring the difference of pressure between their ends, the mean 
pressure, and the temperature. 

The quantity of heat supplied wiut determined by measuring the 
current passing through the heating coil and the potential difference 
between the ends of the coil. The calculation of the results was by 
the method indicated in Art. 78. 
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The values obtained were: 


1 

Air. 

Carbon 

Dioxide. 

At 20° C. 

•2417 

*2020 

At 100° C. 

•2430 

*2241 


It will be seen that these values are somewhat higher than those of 
Regnault, and that in the case of carbon dioxide there is consider¬ 
able increase with rise of temperature. 

SPECIFIC HEAT OF OASES 
AT CONSTANT V( >UT M K._ 
Joly has recently measured directly 
the specific heat of gases at con¬ 
stant volume. For this purpose the 
apparatus was in the form shown 
in fig. 43, which Joly calls the 
differential steam calorimeter. In 
the steam chamber R hung two 
similar hollow copper spheres A and 
C, each suspended from one pan of 
a sensitive balance. The spheres 
were about 7 cm. in diameter, and 
each was provided with a “ catch- 
water ” e. The sphere a was empty, 



while o was filled with gas at a 
known temperature and pressure, 
the latter being sometimes as high 
as the sphere could with safety sus¬ 
tain. The balance being in equili¬ 
brium, steam was admitted into the 
chamber b, and owing to the pre¬ 
sence of the air within <?, more 
steam was condensed on v, than on 
A, the excess being measured by the 
weights added to the upper pan of 
A to restore equilibrium. The cal¬ 
culation is in principle the same as 
that indicated above, correction for 
expansion of the sphere being of course necessary. As the two 
spheres are alike, this differential form of the apparatus has the 
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advantage of eliminating corrections for the thermal capacity of the 

pans, and for radiation. 

In one particular experiment the gas in 0 was air at a pressure 
of from 20 to 30 atmospheres, and its mass was 4*2854 grin., the 
thermal capacity of the gas being G or 8 per cent of that of the 
sphere. 

Dr. July’s different determinations are in close agreement with 
each other, and give as a mean value for the specific heat at con¬ 
stant volume for air *1084 at 7*2 atmospheres pressure and *1738 at 
21*66 atmospheres pressure, for carbonic add gas (12 atmospheres) 
*0197, for hydrogen 2*35, 


1 ). Vapours 

78 . Vapours are of two classes —saturated and non-saturated 
or superheated (Art. 98). 

Regnault determined the specific heat of non -mtwmtnl deam at 
constant pressure by heating the steam to some temperature r { above 
100° 0. and {Kissing it into water. Let S s* the mean specific heat 
of superheated steam between the temperatures r x and tv, L the 
latent heat at tv, m grammes the quantity of steam used, H the 
number of units of heat absorbed by the calorimeter, and t„ its final 
temperature, then 

The quantity of heat evolved is obtained thus: 

(i) The steam in moling from rf t«> r/ gavr nut {r t r.j)m8 ralnriw. 

(ii) The steam at r*“ in mndtitmmg intn water at r./* jjavt* nut mL calories. 

(iii) The water thus formed in ennlm^ from to r«" gave out w(r a - r 0 ) 

calories. 


The (piantity 11 is obtained from observation of the rise of tern- 
ature of the known mans of water in the calorimeter. 

Then II mjS(r l — r, ? ) + L + (i# — t„)| 

Two experiments with different values of r t give two equations 

in which the unknowns are H and L, both of which are thus deter¬ 
mined for the temperatures chosen. 

The value for H obtained by Kognnult between the temperature 
limits 225" C J. am 1 125" a wait *48, I *erry% cm examination of 
Regnault'* results, obtains a value of about *36 at Hit) C. and *43 
at 150” 0. Other determinations at higher latiipemiures give still 
higher values, approximating to 4! when the steam ii above 300 (J, 
Regnault also determined the specific heat of many other vapours. 

As the specific heat of their liquids was not unity, that cpiantity also 
(oars) 7 
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entered into the equations, as well as the latent heat of vaporization 
and the specific heat of the vapour. Hence three experiments were 
required in each case to determine the three unknown quantities. 
He superheated the vapours by passing them through a spiral con¬ 
tained in an oil hath which was maintained above their boiling- 
point. He found for ether *479, for alcohol *453, for carbon bisul¬ 
phide *157, and for chloroform '156. 

As to saturated vapours, suppose we have unit mass of saturated 
vapour at r° C. Let its temperature be gradually raised to (t + 1 )° C., 
and at the same time let the pressure be increased to such an extent 
as to keep the vapour saturated (Art. 98). Then during the increase 
in pressure a certain amount of work has been done on the vapour,' 
and this work was transformed into heat. Jf in any cast', the heat- 
equivalent of the work done on the vapour wore equal to the heat 
required to raise its temperature by l u , then the vapour could rise 
in temperature through 1° without any other heat being supplied; i.e. 
its specific heat would be zero. This exact equivalence has not been 
found. But it has been found that with some vapours heat must bo 
supplied independently of that resulting from the work done on the 
vapour, and in those cases the specific heat is, as is usual, positive. 
With some vapours, however, no heat has to be supplied when the 
temperature is raised; but, on the other hand, the heat generated 
by the work done as the pressure is increased is greater than that 
required to warm the vapour. In this case the specific heat is 
negative: the vapour gives out heat when its temperature is raised. 
The specific heat of saturated steam is a negative quantity, while 
that of saturated ether vapour is a positive quantity. 

An experiment was devised by Him to test the behaviour of 
steam in this respect. He passed steam gently from a boiler, where 
it was generated under a pressure of 5 atmospheres, through a long 
copper cylinder the ends of which consisted of plates of glass, until 
all the air was expelled. The admission and exit valves were then 
closed, and the cylinder was full of dry saturated steam. On open¬ 
ing an exit valve a dense cloud appeared in the cylinder, which 
before had been full of perfectly transparent vapour. 

79 . CIRCUMSTANCES INFLUENCING THE SPECIFIC 
HEAT OF BODIES.—The specific heat of a body depends primarily 
upon the kind of matter of which it is composed, but the values 
obtained with different specimens of the same substance may vary 
considerably according to their purity. The value obtained for the 
specific heat also depends upon the physical condition of the body, 


with that enunciated in Art. hi), viz. that the rate of expansion is 
greater at high than at low temperatures, one of the chief things the 
heat in doing being to elect that expansion against the resistance of 
the intermolecular forces. 

A distinction has, therefore, to be drawn between mean specific 
heat and true specific heat analogous to that drawn between mean 
and true coefficients of expansion in Art. (U. The true specific heat 
is different for each temperature. The values given in Art. HO are 
mean values within a certain range of temperature. 

If S 0 and >S T be the true values of the specific heat at 0" Cl and r° 
respectively, and a the. quantity by which this amount increases for 
each degree; then the true specific heat at r“ is S 0 + nr, and the 

moan specific, heat between 0 ‘ and r' is K„ -f a J, 

Dulong and Fcd.it found for the values of the mean specific heat 

of iron— 

(a) Between 0* Cl and IOC)’Cl ... ’1088. 

(b) Between 0 Cl and .100 (l ... *1218. 


Hence, for iron S, 


and H tl d* IbOu 


* 1088 . 

• 1 * 218 . 

*1088 

* 1218 ; 

■ 0001.1 

* 1021 : 


which givtm for iron, S r *1023 + *000 Hr, 

Thin uxprumiiim ix, howovrr, not. t.o Im rrliwl on Iwyoml the 
fcemtwraturo limits within which thn oxpwiuicntH wero insults nx 


t * 


Approximato moan 1100" (l ' (\ j sKHT Cl i 50" U. -KT tl 

Bpooifta hunt ... ... ifllt *OM7 j *1175 ^ *lblR 1)i»5 


These reunite show, besidtw ti larger vnriation with ternfstature, the 

existence of a maximum value at iiknit 850 (l A similar maximum 

value htttt been found for nickel at about 800* Cl 
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Some metals show only a small change. Thus, for example, 
recent determinations of the specific heats of lead and tin near 
their melting-point, and of gold at very low temperatures, have 
given values very close to those given by Kegnault for ordinary 
temperatures (p. 87). 

Among the metals whose specific heat varies least with tem¬ 
perature is platinum, for which (Art. 74) Yiolle found that the 
specific heat at any temperature r between 0° 0. and 800" 0. may 
be represented by the expression S T = -0317 + ’00001 2t. 

As the melting-point of platinum is very high, and its specific heat fairly 
constant, a mass of that substance is sometimes placed in a furnace and then 
transferred to a quantity of water in order that the heat it gives out may give an 
indication of the temperature of the furnace. (8oo Miscellaneous Examples, No. 1.) 

On the other hand, Weber found that carbon, in the form of 
diamond, showed a remarkably rapid increase of specific heat with 
increase of temperature ; and Dewar, by dropping a known weight 
of the substance into liquid air or liquid hydrogen and measuring 
the quantity of gas evolved, has shown its behaviour at low tem¬ 
peratures. Their combined results are— 


1 1 

Temperature 

985° 0. 

(>06® O. 

ioo° a 

-48" C. 

*>«>*> p 

1 1 )«> Ui 

-2520" a 

•459 



(mean) 

(moan) 

(menu) 

Specific heat 

*441 

•19 

•0794 

•019 

•0048 


The variation is thus soon to be very great, and not proportional to 
the temperature. The values obtained by these observers for graphite 
are nearly the same as those obtained for the diamond at high tem¬ 
peratures but considerably different at low temperatures, the range 
of variation being again very large. 

Many experiments have been made recently on specific heat at 
high and at low temperatures. The results given above are typical. 
The following values of the specific heat of ice may be noted — 


Temperature ... 

... 

0" O. 

— 48" O. 

-ui.ra 

md m) v \ 4 * 

Specific heat ... 

... 

•504 

•468 

•285 

T46 


Most liquids also show a large increase of specific heat with 
temperature. That of alcohol, as determined by Hirn, is at 160" G. 
greater than that of water, which at ordinary temperatures is greater 
than that of any other substance except hydrogen. 

JSattelJi examined a considerable number of liquids between the 









was raised from 15 ’ to 25'. Bartoli and Straeciati employed the 
method of mixtures, immersing in the water contained in the 

calorimeter either cold water at O'" or warmer water, or a mass 
of metal whose specific heat watt accurately known. They found 
that the specific heat had a minimum value about 20“ 0. 

Thus the results obtained by Rowland have not lnxm shaken by 
further investigation. A careful correction of his thermometers him 
led to slightly different values for the figures given in Art. 214, but 
the corrected figures still show n minimum value for the specific 
heat of water at about 20 C» 

As to g(m$ % Kognault* experiments made at various temperature* 

and pressures indicated that with air and the " jmrmanent” gases, 
the specific heat remained constant. With oartxwiic acid, cm the 
other hand, the specific heat wiw found to ineruuwe gradually with 
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rise of temperature, as is the case with solids and liquids. Recent 
researches point to the conclusion (Art. 77) that the specific heat of 
all gases increases with the temperature; the change is very small 
for the elementary “permanent” gases, but considerably greater for 
compound gases and others more easily liquefiable. 

(b) Condition.—Where the specific heat of a substance has been 
determined in more than one state, it appears to be always greater 
in the liquid than in the solid or gaseous condition. Thus we have 
the values— 



SUKOIFIO 11 HAT. 


Solid. 

liquid. 

Gaseous. 

Water . 

•505 

1 -COO 

•48 

Sodium nitrate 

•278 

•418 


Potassium nitrate. 

•229 

•282 

—- 

Bromine . 

•084 

•107 

•055 


In cases where the chemical constitution is the same, the specific 
heat varies according to the molecular condition. Thus, the specific 
heat of carbon in the form of the diamond at 11" is, according to 
Weber, T128, in the form of graphite at the same temperature it is 
*1604. At a high temperature, however, those differences disappear. 

When a substance exists in the crystalline and amorphous forms, 
the specific heat is usually not the same in the two eases; thus 
Wiillner’s values for arsenic are ‘083 in the crystalline form, and 
076 in the amorphous. 

The figures obtained as the value of the specific heat by different 
observers for the same substance arc not very concordant, owing to 
differences in the purity and physical condition of the specimens, as well 
as to the inexact thermometry of many of the earlier measurements. 

(c) In the case of gases the question arises whether the specific 
heat depends on the pressure. Rcgnault found no variation with 
pressuro in the elementary permanent gases. July, employing pres¬ 
sures between 7 and 27 atmospheres, found for the specific heat of 
air the value *1715 + *028d where d is the density, and a much 
higher rate of variation for carbon dioxide. Rudgo, enclosing carbon 
dioxide under high pressure in steel bulbs, which after heating were 
immersed in paraffin, found a value as high as *48 at a mean tem¬ 
perature of 48" C. 

8 o. ATOMIC HEAT, (a) Solids.-- It was found by Dulong 
and Petit, on examining the values of the specific heat found by 
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An examination of the table shows that the law of T)ulong and 
Petit holds good approximately within the limits of temperature of 
Regnault’s observations; carbon, boron, and silicon, however, stand¬ 
ing out as decided exceptions. Weber showed that the specific heat 
of these substances increased rapidly with the tcmperaturo up to a 
certain value, which then became approximately constant. If this 
value (shown in brackets in the table) be adopted, their atomic heats 
come out about 5*5. The recent work on specific heats at high and 
low temperatures has not yet disclosed any single set of conditions 
under which the law is exactly true for all the elements. For metals 
of high atomic weight, such as lead and gold, the atomic heat is about 
6 at all temperatures, while for metals of low atomic weight it varies 
from 3 or 4 at low temperatures to 8 or 9 at high temperatures. 
The connection between atomic weight and specific heat generally 
is of a more complicated character than that expressed in this law. 

Specific heat is a complex quantity. It has been seen that it 
varies greatly with temperature; and it includes (a) the heat re¬ 
quired to raise the temperature of the substance, (b) the heat ab¬ 
sorbed by the substance in expanding, and (r) possibly part of the 
latent heat of fusion, seeing that solid bodies often begin to soften 
long beforo thoy reach their melting-points. The first of these 
effects corresponds to the “real specific heat”; but how much heat 
is absorbed in the production of the second and third of these effects 
is in most cases unknown. Where, as in the ease of many metals, 
there are certain temperature limits within which the specific heat 
remains nearly constant, the atomic heat approaches very closely to 
the average value (5*4. And it is probable that, the atomic, heats of 
the solid elements in a corresponding state would indicate but slight 
divergence from this average value. 

(V) Liquids. —The law of Dulong and Petit is quite inapplicable 
to liquids. For example, bromine in the liquid state has a higher 
specific heat than solid bromine, while its atomic weight is of course 
invariable. 

{c) Oases. —For the elementary permanent gases wo have— 


I lydrogon 
Oxygen 
] Nitrogen 



Hpedfla Moat# 
at CoTiHt&nt 
Proaaimi. 

Atomic 

Welghtii, 

Atomic 

Honta 



1 

INI 

* * * 

•a 17 r. 

10 

.T48 

... 


14 

8M1 

rT ^ mtlTr: _ 

MJf.' 'tntf V Hfggs 


. 



Those atomic heats are sensibly equal to each other, but quite 
different from those of solid bodies. 

81 . MOLECULAR HEAT. Compound Substances. —The mo¬ 
lecular heat of a substance is the heat capacity of one gramme-mole¬ 
cule of the substance, i.e. of a mass equal to the molecular weight 
expressed in grammes, or the product of its specific heat and mo¬ 
lecular weight. Regnault found that bodies having similar chemical 
formuhe have approximately the same molecular heat. Kopp in¬ 
vestigated the specific heat of many solid salts, and found that the 
atomic heats of the elements as calculated from the specific heats of 
their compounds coincided with the atomic heats of the elements in 
their free state. 

Neumann, who investigated the specific heats of many compound 
bodies of similar structural types, propounded the law that the mo¬ 
lecular heat of a solid compound is equal to the sum of the atmnic heats of 
Us constituent elements. This statement is also sometimes referred to 
as Kopp’s law. To take an example. In iodide of lead (Pbl^) the 
molecule contains an atom of lead and two atoms of iodine, and the 
sum of the atomic heats taken from the table in Art. 80 is 20*2, 
The specific heat of the substance being *0427 and its molecular 
weight 461, its molecular heat (’0427 x 461) ^ 19*7 as compared 
with 20*2 above. 

As examoles of eomtumnd lraMOK. ihnsi^ which jinnmvi. 


mately obey Boyle’s law, we hav 


Oft*, 

SjHH’ttto 

Iltmt. 

Molmmlar 

MnWulitr 

Weight. 

Hunt. 

(30 

*2 if» 

2H 

n-8« 

Hoi 

•IHft 

:in*f» 


nn 

\ !#V J|g 

*217 

44 

left 4 

HOi 

•urn 

H4 



The figures indicate approximately that the atoms have the tame 
capacity for heat whether combined with dissimilar atoms or not. 

Tildan has recently tested Kopp’a law by a long aeries of experi¬ 
ment#* at various temjmratures between — 180' (1 and 500* O,, on 
the specific heats of compounds of tellurium with silver and nickel. 
He found that, at any temperature within thin range, the sum of the 
atomic heats of the elements was always very nearly equal to the 
molecular heat of the compound. Bimilar agreement has been 
in a largo number of canon. 
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82 . EXAMPLES. 

1. Into a calorimeter whose temperature is 15° are placed 34 grin, of water at 
a temperature of 50° C. The temperature of the two becomes 20°. What is the 
water-equivalent of the calorimeter? 

The heat given out by the water in cooling from 50° to 20° is 34 x 30 = 1020 
calories. 

Since 1020 calories warm the calorimeter through f> degrees, its water-equi¬ 
valent is 1020 -i- 5 = 204 grm. 

2. The weight of a copper calorimeter is 110 grm., and the specific heat of 

copper is *095. 400 grm. of water at a temperature of 16° O. are put into the 

calorimeter, and then 60 grm. of a substance which has been heated to 98" 0. are. 
placed in the water, whose temperature is now found to bo 21“ C. Find the 
specific heat of the substance. 

Let 8 = the specific heat of the substance; then 

(1) Heat emitted by substance = 60 x (98 — 21) x 8 calories. 

(2) Heat absorbed— 

(a) By water = 400(21 — 16) calories; 

(b) By calorimeter = 110(21 - 16) x *095 calories; 
whence 60 x 77 X 8 = 5 x (400 ■+■ 10*45); 

924 8 =s 410*45; 

# * # 8 = *444. 

8. A ball of copper at 98° C. is put into a copper vessel containing 2 lb. of 
water at 15° 0., and the temperature of the water, ball, and vessel after the experi¬ 
ment is 21° 0.; the weight of the vessel is 1 lb., and the specific heat of copper is 
*095. Find the weight of the copper ball. 

Suppose the ball to weigh x lb.; then 

(1) Heat given out by the ball is— 

x x *095 x (98 — 21) = 7*315a; pound-degrees. 

(2) Heat absorbed— 

(a) by water is 2(21 - 15) ~ 12 pound-degrees. 

(b) by vessel is 1 x *095 x (21 — 15) ~ *57 „ 

Whence 7‘315a* = 12 -f *57; 

/. x = 12*57 -r 7*815 ^ l*7181b. 

4. A mass of 200 grm. of copper whose specific heat is 0*095 is heated to 
100° 0., and placed in 100 grm. of alcohol at 8" O., contained in a copper calori¬ 
meter whose mass is 25 grm., and the temperature rises to 28•5" (1. Kind the 
specific heat of alcohol. 

(1) Heat given out is that from 200 grm. of copper when its temperature falls 
from 100° C. to 28*5° 0. 

H = 200 x *095 x (100 - 28*5) 

= 19 x 71*5 
= 1358*5 calories. 

(2) Heat absorbed is divided into two parts— 



(a) That absorbed by calorimeter weighing 26 grm. when its temperature rises 
m 8" to 28*5". 


hi - 25 X *095 X 20*5 
-= 2*875 X 20-5 
48*7 calories. 


(6) That absorbed by 100 grm. of alcohol of tqxicifio heat H when its tempora- 

© rises from 8" 0. to 28f> u U. 


h, ~ 100 x H X 20T> 
2050 H calories. 

Now H hi + A* 

1858-5 r.,;- 48*7 + 2060 H; 
2050 8 .. 1809*8, 

H *089. 


QUESTIONS AND KXKIKiSKH 

1. One pound of iron at 50" is put into water at 0"; eontrast the effect with that 
produced hy adding one pound of water at. 50". 



mined. 

7. If the heat evolved by 1 kg. of water in cooling down from 100' (\ to 0 ,s (*. 

were employed in heating 10 kg. of merenry initially at *20'" C\ t to what 

would the mercury la? rained? 

8. A solid at a temperature of KKTO. weighing 46 grm, in drnpjmd into 1*20 grm. 

of water at 15" Cl; the temiteraturti of the reuniting mixture m 1911" Cl Find 
the «i«?ciflc heat of the «olith Whitt further exiwrtmiftital data are nuc©8NAry 
to give an accurate result! 

9. The Pptwiffe heat of tin w *004 in the Oeufcigr&de icmle, Wlmt ti it in the 

Fahrenheit huaIm? 

10» A maw of 150 grm. of platinum fit $10" CJ» in placed in 100 grm. of turpentine 
wmtained within a cop$*er tmloritiieier whono maw h 80 grm. and whose 
t«uii|wmtiirt* K 16 Cl. The final of the whole Is 21 'V (X Find 

thu aperilifi heat of the lupiid, if that of ©o|»|»er m *095, and of platinum 
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11 . What is meant by the specific heat of a substance ? A copper calorimeter of 

specific heat 0*095 has a mass of 120 grm. and contains 280 grm. of water 
at 15° C. Find the specific heat of a substance when 375 grm. of it at a 
temperature of 100° C. will when immersed raise the temperature of the 
water to 25° C. 

12. A ball of lead at 98° C. is put into an iron vessel containing 2 lb. of water at 

15° 0., and the temperature of the water, ball, and vessel after the experi¬ 
ment is 21° 0., the weight of the vessel is 1 lb. Find the weight of the ball. 
(Specific heat of lead *0314, and of iron *114.) 

13. A copper vessel having a mass of 04 grm. contains 300 grm. of water at 15° C. 

In this are placed 256 grm. of copper at 96 u 0., and the final temperature is 
21° C. Find the specific heat of copper. 

14. What is the relation between the specific heat of a compound and that of its 

constituents? What is meant by the phrase atomic heat ? 

15. Discuss the most prominent exceptions to the law of 1 >ulong and Petit con¬ 

necting the specific heat of a substance with its atomic weight. 


CHAPTER VIII 

LIQUEFACTION AND SOLIDIFICATION—LATENT HEAT 

We have now to consider the processes of change of state, under 
what conditions those changes occur, and what quantities of heat 
are necessary to effect them. 

83 . LIQUEFACTION.—Most solids have been caused by heat 
to pass into the liquid state, although some substances molt only at 
very high temperatures, obtained by special means. Platinum and 
flint have been melted by placing them in a crucible of graphite in 
a furnace where a stream of air was maintained through very small 
pieces of coke, the combustion being thus very rapid, and giving the 
maximum temperature obtainable from burning carbon. Ruthenium, 
more refractory still, has been liquefied iu the oxyhydrogen flame, 
and carbon itsolf by a combination of this with the electric arc. As 
our experimental resources have become more extensive, refractory 
substances have been successively reduced, and evidence is thus 
accumulating that all substances are capable of existence in each of 
these three states under certain particular conditions of temperature 
and pressure. 

84 . LAWS OF FUSION.—The laws of fusion may be con¬ 
veniently demonstrated by placing small lumps of sulphur in a flask 
pontaining a thermometer, and applying heat. The mercury in the 



turo falls to 115°, and remains stationary till the whole mass has 
solidified, when it again regularly falls. The distinguishing feature 


heat may enter or leave the substance in largo quantities, the tem¬ 
perature remains unchanged. 

The temperature at which the molting takes place is different for 
different substances, and is affected to some extent by the pressure 


Wo have thus a moans of maintaining bodies at a variety of definite steady 


ke orib Woterj 

ing to their behaviour during ^ )[s\& j _ j 

liquefaction: in the one chum the Tune 

process is a gradual one, rise of Mg u 

temperature being acctmqmnied 

by a gradual softening; in the other the process is abrupt 
When the process of melting takes place gradually as the tern* 
pent turn is raised, the substance cannot he said to have a melting- 
point Hitch i« the ease with glass, sealing-wax, and wrought iron. 
The existence of this intermediate viscous stage is, however, of much 
practical use, since the substances when in this pasty condition are 
capable of being welded or drawn out into threads. That which 
follows here applies only to those substances in which this viscous 
stage, if it exist at all, is very short 
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Latent Heat. _The heat that enters a substance during the pro- 

cess of liquefaction is said to bo rendored latent. The word is a 
remnant of the language used at the period when heat was thought 
to be a subtle fluid, & whieh in this process concealed itself from tho 
thermometer. 

The latent heat has not been destroyed, but has done work upon 
the particles of the substance and communicated to them an oipu va¬ 
lent amount of energy. (Art. 231.) 

The latent heat of fusion of a substance is the number of units of heat 
required to change unit mass of the substance from the solid to the liquid 
state without change of temperature. 

The Laws of Fusion then are—(i) Under ordinary atmospheric 
pressure each substance hogins to melt at a certain temperature, 
which is constant for the same substance under tho same pressure. 

(ii) The temperature of the solid remains at this fixed point 
(called the melting-point) during tho whole time of tho process of 
change. 

(iii) The melting-point of a substance depends on the pressure 
to which it is subjected; if the substance expand on solidifying, tho 
melting-point is lowered by increase of pressure; if the substance 
contract on solidifying 1 , its* melting-point is raised by increase of 
pressure. (Arts. 90 and 298.) 

(iv) Every substance during fusion absorbs heat. Tho quantity 
absorbed per unit mass is constant under the same conditions and is 
called the latent heat of fusion. 


85 . METHODS OF DETERMINING MELTING POINTS— 
The methods of determining melting-points vary very much accord¬ 
ing to the nature of the solid and the temperature at which it melts. 

(i) For substances such as ice, the more easily fusible metals, and 
alloys which melt at ordinary temperatures and in which by stirring 
it is not difficult to maintain tho whole mass at the same tempera¬ 
ture, the following method may he employed. Tho substance is 
heated in a suitable vessel until a portion of it is liquefied. The 
temperature indicated by an immersed mercury thermometer when 
the mass is part liquid and part solid is the melting-point. It is 
sometimes convenient to place the thermometer in mercury contained 

in a copper vessel standing in the given liquid, rather than in the 
liquid itself. 

( 11 ) For metals such an iron, whose melting-points are higher 
than the boiling-point of mercury, the temperature must be ascer¬ 
tained by one of the methods indicated in Chap. X VIL 



vay. 
icific 
L to 


of melting, ho used it as a means of estimating that temperature 
thus: He molted a quantity of platinum and allowed it to cool 
slowly, so that a thin crust of solid began to form on the liquid. 
This crust he lifted ofF and placed in a calorimeter which contained 
a known mass of water at 0" C. The final temperature of the water 
was 15" 0., and the number of units of heat given out by one 
gramme of platinum in cooling from its fusing-point, to 

was found to be 74*7. But the total heat given out during the 
process of cooling is equal to the product of the mean specific heat 
(Art. 79) and the fall of temperature. 

(‘0.117 + *000005/) (/ _ 15) = 74*7 

•00000(5/" + *0.1161/ = 75*16 

a quadratic equation which gives / ^ 1779. (Sec ('hap. XVII.) 

(iii) For substances such as paraffin and wax, one may obtain 
a thin coating on the bulb of a thermometer by dipping it in the 
liquid substance. The thermometer may then be allowed to slowly 
cool, and its temperature read when the change of appearance that 


>F DKTRHMININU LATKN1 
mtiuiee is usually determined 
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of mixtures (Art. 70). Of substances ordinarily met with as liquids, 
the latent heat is determined by lowering the temperature of a 
known mass of the substance until it solidifies, placing the mass of 
solid in warm water, and noting the fall of temperature of the water 
as the substance liquefies. 

Water.—The latent heat of water is the number of units of 
heat required to convert unit mass of ice at 0 U 0 . into water at 
0 ° C., and may be determined as follows:— 

A quantity of water— m 1 grammes—at a temperature somewhat 
above that of the air is placed in a calorimeter whose water-equiva¬ 
lent is m 2 grammes, their common temperature being t v Some 
small pieces of dry ice at 0 ° C. are then dropped into the calorimeter 
by means of a cold pair of crucible tongs, and the water is well 
stirred. When the temperature has ceased to fall, i.e. when all the 
ice is melted, the temperature r 2 is taken. The calorimeter is again 
weighed, and its increase of weight gives the mass of the ice 
melted. Then if L be written for the latent heat of ice wo have— 

(i) Heat given out by the water and calorimeter in cooling from 
T i to r 2 , 

II = (m t + m, 2 ) (r t - r. 2 ). 

(ii) Heat absorbed by the ice in melting = w a L; atid by the 
resulting water in rising from 0° to t,/ in temperature a further 
quantity = m 3 r 2) whence the total heat absorbed is 

h = m,,(L + T a ); 

wherefore finally 

m s (L + t 2 ) = (Wi, + »«.„>) (t, - Tjj); 

whence L is determined. 

For example, if tho calorimeter and contents wore equivalent 
to 64 grm. of water which fell from 18" to 10“ on the addition of 
5-7 grm. of ice, we have— 

5*7(L + 10) = 64(18 - 10), 

5-7 L + 57 = 512, 

L = 80 nearly. 

It is best to avoid correction for radiation of heat from the 
calorimeter by arranging the experiment so that the final tempera¬ 
ture of the water is as much below that of tho air as its original 
temperature was above that of tho air. This can ho dorm by a 
preliminary trial and calculation from the approximate results thus 
obtained, 
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Person made use of ieo below O ', measuring the specific heat of 
ice simultaneously with its latent heat of fusion. His general 
arrangements have boon described in Art. 70. Now, however, the 
ice was left immersed in the calorimeter until the temperature was 
uniform throughout, and the calculation was as follows, the initial 
temperature of the ice being of course below 0 U C. - 

Latent heat of water = L. 

Hpeoiiie heat of ice B. 

Moss of iee at. T\" ™ m x grin, 

Mass of warm water at r 2 " grm. 

Final tempurat uvr of the whole muss, 


Then we have 

(i) Heat absorbed by ice while its temperature 

was rising from — r x ' C. to 0’’ C. .. 

Heat absorbed by the ice in melting .. 

Heat absorbed by the cold water thus 
formed while its temperature was rising 
from O' to the final temperature r, x ' . 

(ii) Heat evolved by the warm water in cool¬ 

ing from r u to r a ”.... 

Whence Knqrj U L//q + w { t :i 


Hm l r v 




WjT.j. 


inJr it 

\ m 

T :t)- 


Several experiments were made with different values for 


T a)- 


n 


and each pair gave two simultaneous equations to determine the 
two unknowns; or the value of S might he taken from the experi¬ 
ments given in Art. 72. 

The value of L iinallv adonted hv Person was K(H)2 • and fmm 


his experinnmts he was led to conclude that the process of lique¬ 
faction began at a temperature somewhat below (T (1, and that 
a portion of the latent heat of liquefaction {*75 unit) wan token 
in while the ice wan below CP. 

The value obtained by Bunsen by means of his ire calorimeter 
(Art. 92) watt BO, while Regnaults value wan 79*25. A difficulty 
in Bunsen’s method lies in determining the density of the ice. 
Bunsen’s value for this was *91 f>? at 0 (l, while other observers 

make it as high as *9170. If the latter value las taken, Bunsen s 
value for the latent heat of fusion of ice comes out 79*2. It is 

difficult to eliminate bubbles of gas from ice as it is forming. I alter 
determinations of h appear to \m in favour of a lower value than that 
of Bunsen. 

A XttaL~~Of gubtitatiau* which are ordinarily mot with m solids 
(am) 8 





98 


HEAT 


the latent heat is determined by raising the temperature of a known 
mass of the solid until it liquefies, placing the liquid in cold water, 
and noting the rise of temperature of the water. We givo Violle’s 
method for platinum. Ho allowed a certain weight of the molten 
platinum, which was in contact with its solid and therefore at 
melting-point, to run into a platinum oprouvette within a calori¬ 
meter, and found that the number of units of heat given out by 
1 grm. of molten platinum in tho double process of passing into 
a solid and then cooling to 15° C. was 101*7; and of this, as 
previously found (Art. 83), 74*7 units were given out during the 
cooling. Therefore 101*7 - 74*7 = 27 is the latent heat of 
platinum. 

Glaser has made a number of determinations by the same 
method. His calorimeter was large, holding 40 litres. The metals 
were heated in an electric furnace (Art. 132) tho chamber of which 
contained a gas that did not act chemically on the metal. He first 
found the specific heat of the metal at various temperatures, and 
from these values deduced its value at the melting-point. Thus 
knowing the specific heat at various temperatures, tho heat given 
out by the solid in cooling could bo more accurately calculated. 
The residual heat was, as above, due to the latent heat. His values 
were—for lead 4*78, zinc 29*86, aluminium 76*8, copper 41*6, and 
tin 13*6. 

88 . SOLIDIFICATION. ~ Tho process of solidification is the 
converse of liquefaction. It usually takes place when the liquid 
is exposed to a low temperature, but is with diflieulty effected in 
the case of a few liquids. The study of this process involves tho 
means of obtaining and measuring low temperatures. 

Laws of Solidification.~—(i) Under atmospheric pressure each 
substance begins to solidify at a certain temperature, which is 
always the samo for the same substance under the same pressure. 

(ii) The temperature of the liquid remains at this fixed point 
during the whole time occupied by the change. This fixed tempera¬ 
ture, called the temperature of solidification, or in the ease of water 
the freezing-point, is the samo as the melting-point of the solid. 

(iii) The temperature of solidification varies with the pressure 
(see Chap. XXVII). 

(iv) Each substance during solidification gives out a quantity of 
heat equal to the heat rendered latent during fusion. 

89 . CHANGE OF VOLUME DURING SOLIDIFICATION. 

—It is a general rule that during the operation of melting expan- 



water, so that it sank on forming, lakes and seatt would gradually 
solidify from the bottom upward. 

Cast iron ia another important exception. Thin substance ex* 
panda as it passes from the liquid to the plastic state, the amount of 
expansion being tm much m il per cent; cm further cooling to the. 
solid condition it contracts to about the Mania extent. The fact of 
its expansion renders it peculiarly suitable for casting into moulds. 

Bismuth appears to expand in passing from the liquid to the 
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solid state by about 2*3 per cent; the specific gravity of the hot 
liquid is in fact greater than that of the cold solid. 

This change of volume docs not in all cases take place at the 
definite temperature known as the melting -point, hut extends 
through a small range of temperature in the neighbourhood of that 

point. 

90 . EFFECT OF PRESSURE ON THE MEI/HNO-POINT. 
—It was pointed out by Frofcssor James I homson on theoretical 
grounds that in the case of substances which change their volume in 
passing from the solid to the liquid state, a change in the pressure to 
which they are subjected must change their melting-points. He 
showed (see Chap. XXVII) that for 

Substances that ex- / in cream* of pimsuro mines Urn iimUmg-point; 

pand in melting \ deereaHo of promuro Jo worn the melting-point. 
Substances that con- f increase* of prow-urn* lowers the melting-point; 
tract in melting 1 doorcase of pressure rumen the melting point. 

The change of pressure necessary 
to effect a large change in the 
melting-point is very great; the 
most extreme change that could 
occur in the freezing-point of 
water owing to change of pres¬ 
sure of the atmosphere would 
not exceed in l 00 u 0. Theory 
shows that water would freeze 
under a pressure of 2 atmospheres 
at a temperature of — *0074“ 0 . 
(see Art. 2 IK)). 

Lon 1 Kd via experimentally 
verified the prediction thus made 
by means of the apparatus shown 
in fig. 45. 

A mixture of water and lumps 
of ice, A A, was placed in a piezo¬ 
meter of thick glass, which also 
contained a manometer, /, and 
a thermometer, t\ The mano¬ 
meter and thermometer were 






K 


sulphuric ether, whose coefficient of expansion is large. The in¬ 
strument was therefore very sensitive, each division on the scale 
corresponding to a temperature difference of *0078° C.; it was 
protected from external pressure by being sealed up within a 
tube, 0. The pressure was measured by the manometer, /, con¬ 
sisting of a straight glass tube containing air and standing in 
mercury. The pressure was applied by turning the screw at the 
top. The results were — 


PreHmms in 
Atmcmpht'iTH. 


Kail of Tomporatum 


ObHorvod. 

•orcr (j. 
•I2ir a 


Calculated. 

•Of.sr (J. 
•1211 1 C. 


Mousson, employing a pressure estimated at 13,000 atmospheres, 
obtained by means of a screw forced into water contained in a steel 
cylinder, caused water to retain its liquid state when immersed in a 

20 


of pressure. two strong glass tubes 
wore drawn out at each end into the 
form shown in fig. 46. A piece of wax 
was placed at i>; the remainder of the 
tube up to the point f contained mer¬ 
cury; and the portion Fic, which was 
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Spermaceti. 

ParulUn. 

Pressure. 

Melting-point. 

Pressure. 

Melting-point. 

1 atmosphere 

477° C. 

1 atmosphere 

•u$-.r O. 

96 atmospheres 

497° a 

85 atmospheres 

48*9" 0. 

156 

60-9° 0. 

100 

49*9“ 0. 


Hopkins extended those results to a pressure of 820 atmospheres,, 
at which the melting-point of spermaceti was about 8Q' J . 

91. Glacier Motion: Regelation.- —Forbes, in 1842, called atten¬ 
tion to the motion of glaciers, which, although consisting of solid 
ice, flow along their beds in the same manner as a viscous fluid 
would do. 

His explanation was of the following nature. Ice say at 
— -1° C. is a hard solid, while at T' 0. it has become a mobile fluid, 
and the change from perfect solid to perfect fluid does not take 
place suddenly and completely at 0" 0., but is a gradual process 
extending through a small range of temperature about 0 U 0., just as 
iron, sealing-wax, &c., when their temperature is raised, gradually 
lose their distinctive solid properties and acquire more and more 
perfect fluidity. Forbes satisfied himself that the interior of a block 
of ice was both harder and colder than the outside, and as the 
temperature of a glacier is always close to ()’' 0. he concluded that a 
glacier is in a condition intermediate between that of ice and water, 
partaking of the hardness of the one and the fluidity of the other. 
But there is no evidence of the existence of this plastic, condition in 
the case of ice. 

Faraday pointed out in 1850 that two pieces of moist ice placed 
in contact will freeze together even in a warm atmosphere. This 
process—called regelation is explicable on Forbes's hypothesis, 
because the colder ice on both sides of the thin film of water ab¬ 
stracts heat from the water and thus chills it to a temperature below 
that at which solidification commences. 

Tyndall propounded the view that the ice of a glacier was con¬ 
tinually being broken up by the forces to which it was subjected, 
and that the pieces afterwards froze together again; and showed 
that broken lumps of ice could be formed into one solid mass by 
pressing them together in a mould. The actual compression melts 
the surfaces in contact; the regelation takes place when the pressure 
is relieved. 



The accepted explanation of regelation, however, is that pro¬ 
pounded by Professor J. Thomson as derivable from the fact that 
the melting-point of ice is lowered by pressure. It has been shown 
(Art. 90) that under a pressure of 135 atmospheres water is solid 
below — 1° 0. and liquid above that temperature, i.e. under this 
pressure ice at 0 ,J cannot exist; it must melt. If two pieces of ice 
at 0° C. are in contact under this pressure melting must commence, 
and the absorption of heat that accompanies melting at once lowers 
the temperature. If, further, most of the water that has been 
formed escapes, carrying heat, away with it, the temperature falls 
until the whole again freezes. And, generally, the application of 
stress to a mass of ice tends to melt it fastest at those parts where 
the strews is greatest and everywhere where there is any stress at 
all. The ice is thus in parts continually melting, only to re-form 
either wholly or partially in other parts. 

In the case of Faraday’s experiment the pressure between the 
parts was due to capillary action. The existence of such pressure 
is easily exemplified by the difficulty in pulling asunder two pieces 
of glass having a film of water between them. 

The difficulty of making snowballs during a frost is due to the 
fact that the temperature of the snow is so far below 0° that the 
pressure applied is insufficient to melt it. 

The following experiment was made by Bottomley. Over a block 
of ice supported at the ends he placed a wire, and hung weights 
on the ends of the wire. The wire gradually passed through the 

rossuro 

under the wire caused the ice there to melt, the water thus formed 
escaped to the top of the wire and there froze again. When the ice 

sr itself 

as well as the ice near it was thereby chilled to a temperature below 
0 ° 0. On escaping to the top of the wire the water was under only 
the ordinary atmospheric pressure and was below freezing-point, and 
therefore froze. Hi nee the temperature of ice and water just beneath 
the wire is lower than that of the ice and water just above the wire, 



92 . ICE CALORIMETERS.—Since the molting of 1 grm. of 
ice is known to be effected by the absorption of SO units of heat, we 
are able to find how much boat a body gives out in cooling, and 
therefore its moan specific heat, by observing how much ice it melts 

in cooling to 0 °. 

W Tho form of calorimeter 

by Lapjace and Lavoisier 

tains a smaller vessel B, and 


.1 ho vessels n and <: are 
filled with small pieces of 
ice at 0 ". The body whose 
specific heat is to be deter¬ 
mined is weighed, heated 
t 


D'ig. 47 1 

i 

formed is drawn off by a tap and weight 
0 serves to ensure that no heat reaches i 

The value of the specific beat is calculated tl 
are taken from a chamber at 100° and placed in fch 
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a test tube i>, which contains a small quantity of liquid into which 
the substance whose specific heat is to be determined is dropped. 
As the substance in n cools to O ' 1 0., the heat evolved melts some of 
the ice in A, and the resulting contraction in volume is indicated by 

the retreat of the mercury surface in 0 , _ n 

It is necessary that there be no air 
within the vessel AA', and for that 
reason the water and mercury are care- !; 

fully boiled before being placed in that Ilf Ip 

vessel. The process of filling is that j. 

described in Art. 7. 1 

When the instrument is to bo used E xp 

it is placed in a vessel containing snow § j> ^ 

or ice, and a current of air is passed § B 

through some alcohol or ether placed § "■ r . 

in 1 ) (Art. 110 ), with the result that g ' «/'■ - 

some or all of the water in a freezes. g ■' 

The liquid in i» is then replaced by § 

water at 0", and the tube ti raised or | 

lowered through the collar K until the | £ 11101111 " 

mercury in 0 stands at a convenient 1 

level. A small piece of the solid is then yL_ M 

dropped into i>, and the movement of 
the mercury surface me observed. 

The value* in calories of the divinhmH on the wtem e can be readily obtained by 
placing in D, x gnu. of water at r" (J., and obnerving how many divinionH on the 
atom correspond to thin known evolution of xr calories of heat. Thin method ban 
the advantage of not involving a knowledge of the latent heat of water. 


1000 e.em. of ice make 1000 e.em. of water. 

A reduction in volume of HO c.em. eorreHjxmdn to the evolution of 1000 X 80 
caloriea. 

A reduction in volume of 1 e.mm. eorrw|Mmd» to the evolution of | calorie, 
and v e.mm. to jfe calorum. 

If the diameter of the b>re of the capillary tub* 1 m* accurately known reduction 


substances 
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means of Bunsen's calorimeter, for instance, Weber determined the 
specific heat of carbon in the form of the diamond. But it is diffi¬ 
cult to obtain accurate results by it. Bunsen himself, in two deter¬ 
minations of the specific heat of calcium, got values difibring by 
two per cent. The motion of the mercury in the capillary tube is 
apt to be jerky, and the density of ice is not accurately known. 

93 . LIQUIDS BELOW THE TEMPERATURE OF SOLIDI¬ 
FICATION.—Water may by special means be maintained in the 
liquid state at a temperature considerably below 0 °. Fahrenheit 
did this by exposing to a low temperature water sealed up in a 
spherical vessel. Gay-Lussac maintained water at — 12 u C. by 
placing it in a flask, covering the surface with oil, and keeping it 
quite motionless. Dosprotz found that water in capillary tubes 
might remain liquid at — 20 ° 0 . In all cast's, however, sudden 
vibration or contact with air produced immediate and rapid solidi¬ 
fication; absence of air from the body of the liquid is necessary in 
order that the phenomenon may occur at all. Other substances may 
be made to give a similar result. Thus, if phosphorus be placed in 
water in a test tube, and the tube put in a beaker of water which 
is gradually warmed, the phosphorus becomes liquid above 44* G., 
remaining, however, at the bottom of the tube because of its greater 
density. If the beaker be then left to gradually cool, the phos¬ 
phorus may remain liquid till the temperature is 30’' 0 ., but the 
immersion of a lump of ordinary (not amorphous) phosphorus at 
once provokes solidification. 

The presence of a nucleus of some kind seems the necessary 
condition that solidification may take place at the normal tempera¬ 
ture. Solidification of a liquid chilled below its point of congelation 
always takes place if a particle of the solid he dropped in the liquid. 
When the liquid thus commences to solidify, the latent heat of 
fusion is evolved, and the temperature immediately rises to the 
normal temperature of fusion. 

94 . SOLUTION.— A large proportion of chemical salts are 
soluble to a greater or less degree in water, the amount of salt that 
can be taken up by the water generally increasing with rise of tem¬ 
perature. Thus 100 parts of water dissolve about 17 parts of potas¬ 
sium nitrate at 10* 0., 32 parts at 25 B 0., and 78 parts at 50° 0. 
Sodium chloride (common salt) is a remarkable exception in this 
respect, 100 parts of water dissolving about 37 of the salt at any 
temperature between 0 ° and 100 ° C. For each salt a solubility curve 






may bo made showing how many parts dissolve in 100 parts of 
water at various temperatures. 

The solution of the salt is itself accompanied by thermal changes. 
Thus if a measured quantity of water be placed in a beaker and 
quantities of common salt be gradually added to it, the temperature 
of the contents of the beaker is found to fall with each addition of 
the salt. 

If sodium acetate be the salt used, the temperature of the solution 
is found to rise. 

eat of solution of a substance is the 
or absorbed when unit mass of the substance is dissolved in a large 
mass of water; and the molecular heat of solution is the heat of 
solution of one gramme-molecule (Art. 81) of the substance. If m l 
grammes of water at temperature r^' ho placed in a calorimeter 
whose water-equivalent is grammes, and grammes of a salt 
bo added, the resultant temperature being r,/ G.; then the quantity 
of heat absorbed or evolved is 

11 ~ {(?«, + ?«.,) K + m.,\ {r 3 - r,} 

where K is the specific heat of the solution; and the heat of solu¬ 
tion is 

1 

|(?/ij “f- ^ “f" |t„ —- TqJ' 


The molecular heat of solution is obtained from this expression by 
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(i) Powdered sodium sulphate or ammonium nitrate, dissolved in water, may 
lower the temperature of the solution to -15" C. 

(ii) An ordinary means of producing a low temperature is by mixing together 
snow or powdered ieo and common salt. Those substances — both solids—when 
mixed, produce a liquid, the temperature of which may fall to - 22" 0. 

(iii) By mixing oaleium chloride and snow in the ratio of 4 parts to 3, a liquid 
is produced whose temperature may fall as low as —51*’ 0. 


adually falling temperatures, the following pho 


remains, the solution becoming stronger. This process continues 
till the remaining liquid is saturated with salt, which always occurs 
at — 22” (I, and the saturated liquid then obtained freezes into a 
homogeneous solid. This solid is called a cryohydrate. The nearer 


the residual 
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It has been thought that cryohydrates are definite chemical 
compounds since they melt and freeze as a whole at definite tem¬ 
peratures. But they are now usually regarded as mixtures of the 
two mutually saturated solutions. The temperature at which the 
solid separates is the point of intersection of the curve of solubility 
with the curve which connects the temperature of freezing with the 
concentration of the solution. 


96 . EXAMPLES. 

(L for ice taken as 79*5.) 

1. How much mercury at 20° 0. would he required to melt 1 kg. of ice at 
0° G., the specific heat of mercury being ‘(KM ? 

Let x kg. bo the weight required, the unit of heat, being the major calorie 
(Art. 67); then 

i. Heat emitted by mercury in cooling from 20" to 0° - * * X 20 X *022 unit. 

ii. Heat absorbed by ice in melting ~ 70*5 units; 

x X ‘GO •• ? 9 *f>; 

7950 1iml 
. . x = 120 kg. 

(W 


2. 1 kg. of ice at 0° C. is placed in 5 kg. of water at 0" (1, ami 1 kg. of steam 
at 100° C. is passed into it. What will he the temperature of the water if no heat 
is lost by conduction or radiation ? 

Let the heat unit bo the major calorie. 

Let the final temperature he x! 1 0,; then 

(i) Heat given out by 1 kg. of steam at 100" 

in condensing to water at 100“ 527 units. 

(ii) Heat given out by 1 kg. of water at. 100" 

cooling to x" (100 x) units. 


(iii) Heat absorbed by 1 kg. of ice at 0" 

in becoming water at 0° = 79*5 units. 

(iv) Heat absorbed by 6 kg. of water at 0" 

in rising to as* ~ 6jr* 


527 + 100 a; --t 79*5 b (hr; 
7x, ...... 557*5; 

.\ * « 79*6" a 


8. The specific gravity of ice is *917. 10 grin, of metal at 100" (1 arc im¬ 

mersed in a mixture of ice and water, and the volume of the mixture is found 
to be reduced by 125 e.mrn. without change of temperature. Find the specific 
beat of the metal. 

Let x be the specifics heat required ; then 

(i) Heat given out by the metal ~ 10 X 100 X x 1000 x calories. 

(ii) Heat absorbed by the ice in melting. 

To change 1 grm. of ice into 1 grm. of water requires 79*5 calories. 

1000 

To change o.inm. of ico into 1000 c.nm>. of water mjuiron 79-5 calorie*, 
i-e. „ „ 1090-5 „ „ „ 1000 „ „ „ ' 79-6 „ 
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Iteduotion of vol. = 90-fl mm. corresponds to absorption of 79-5 calories. 
. _ v « 79-fi x 126 

» m V) »> 1M » >» >» » ~.—„ 

90*5 

Hcnco 1000a: = 79 -6 X 

90-fl ’ 

/. * = -1097. 


QUESTIONS AND EXKUUISKS 

1. Explain carefully t.lio statement that the latent heat of fuHion of ice is 79*6. 

What is the unit in terms of which the latent heat is measured ? 

2. 2 lb. of ice at 0” (1. are pub in f> lb. of water at 10" 0. How much ice will 

melt ? 

3. 1 lb. of ice at 0“ (1 is put into 10 lb. of water at 26*5“ 0. What is the final 

temperature? 

4. A mixture of ice and water is reduced in volume by 1 e.om. What weight 

of ice has been melted? 

6. What would he the volume at 50“ (1. of the water obtained by melting 100 
e.om. of ice at 0 M Cl? 

[Mean coefficient of expansion of water 1 nit ween 0“ and 60“ *000236, 

specific gravity of ice *9107.] 

6. How many units of heat would cause a mixture of ice and water to contract 

by 60 e.mm., if 100 e.mm. of water at 0" 0. become 109 c.mm. of ice on 
freezing? 

7. State the laws of fusion. What is the effect of pressure in changing the 

temperature at which water freezes? 

8. Define what is meant by the “latent heat” of water; and state exactly bow 

you will proceed to measure it exjasrimentally. 

9. The latent heat of tin is 14*26 in the Centigrade scale. What is it in the 

Fahrenheit scale! 

10. What weight of ice would lower the temjierature of 80 Ih. of water from 15° C. 

to 12” (1? 

The heat of fusion of iee may t>e taken an 79 Centigrade units. 

11. 1 kg. of tm at 0 Cl, is placed in 20 kg. of water at 0” Cl, and 1 kg. of liquid 

sulphur at 116 ‘ C. in passed into it. What will l>e the tom|>emture of the 
water if no heat is lost by eonduetion or radiation? (Bpeeifle heat ef tin 

* *0848.) 

12. A pound of ice and a pound of common salt, Imth at the same temperature 

(a little Mow ssero (Centigrade)* an* mixed together. Explain the consider¬ 
able fall of temiH'rature which occur*. 

18, A mass of iron weighing 400 lb,, ami whose temperature is 440“ Cl and sjieoifk: 
heat *114, is placed in a mixture of iee and water. How much ion will be 
melted if the latent heat of fusion of iee is 79*8 Centigrade units? 

14. It is found that 8HI grm, of copper at 100” Cl will just melt 8*8 grm. of ice. 

If the latent heat of funion of ice is 79, find the sjaiciflc heat of eopjier. 

15. Explain the method employed by Bunsen to determine the HjHKnfio heat of a 

small quantity of a »u balance by the melting of ice, and cloaoribu the appa¬ 
ratus employed, 

18. In a Buntjtm’i calorimeter if the section of the capillary tube is 1*5 #q. mm,» 




and the mercury surface is displaced through 4 cm. when 5 grm. of a sub¬ 
stance at 85° are introduced ; find the specific heat of the substance. 

17. If 100 c.cm. of water in freezing becomes JOi) c.cm. of ice, and the introduc¬ 
tion of 20 grm. of a substance at 100° 0. into a Bunsen’s calorimeter cause 
the end of the column of mercury lo move through 74 mm. in a tube 1 sq. 
mm. in section; find the specific heat of the substance. The latent heat of 
water may be taken as 80 units. 


CHAPTER IX 


PROPERTIES OF VARIOUS 

Wo have now to consider the change of state from liquid to gas. 
The conditions under which vaporization can occur and the proper¬ 
ties of vapours will be discussed in this chapter, and the heat 
changes that accompany the change of state will bo treated of in the 
next chapter. 

97 . FORMATION OF VAPOURS IN VACUO..- The term 
vapour is very generally applied to the gaseous state of substances 
i a w w, that arc usually met with iu the solid or liquid 

n nV °B state. 

Let several barometer tubes be filled with 
mercury and stand inverted in a mercury trough 
(fig. 50). The mercury will stand at the same 
height in all the tubes, and in the first tube. b. 























layers aDovo mo mercury m me moos, ana id win do xouna mat 
some of the liquid will evaporate and the columns will be more 
depressed. If, on the other hand, any one of the tubes be cooled, 
some of the vapour condenses into liquid and the mercury rises. 

The Laws of Vaporization in vacuo may be thus stated: — 

(i) A small quantity of liquid introduced into a vacuum rapidly 
evaporates at any temperature. 

(ii) The quantity of liquid that can bo made to evaporate in 
vacuo at a fixed temperature is limited, and is proportional to the 


pressure tor any particular 
ler ordinary circumstances 


* 9 

remain saturated, some liquid must evaporate. 

Generally speaking, if a vapour is not in contact with its liquid 

(0 278) a 
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it is not saturated, although it is, of course, possible for saturated 
vapour to exist when not in contact with its liquid, as it does at 
the moment when on a slow rise of temperature the last particle of 
liquid evaporates. 

If vapour be confined in a limited space with none of its liquid 
present, and in such quantity that it is exerting less than its maxi¬ 
mum pressure, it is nnsaturatod. It can be converted into saturated 
vapour by sufficiently lowering its temperature or diminishing its 
volume. 

99. UN SAT U RATED VAPOU RS.~- Unsaturated or superheated 
vapours approximate to the condition of the more permanent gases. 

Wo have now to de¬ 
termine whether they 
obey the gaseous laws 
those of .Boyle and 
Charles — and if so, 
under what conditions. 
The methods explained 
in Chap. V are not 
generally employed in 
dealing with vapours. 
The volume of a given 
mass of the vapour at 
different temperatures 
is not directly ob¬ 
served. The principle 
of the method usually 
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air within is calculated, and thus the weight of the globe itself is 
obtained. 

In this globe B is placed a considerable quantity of the liquid 
whose vapour is to be examined. 


the globe is fixed in a bath o, which is heated to any required tem¬ 
perature, higher, of course, than the boiling-point of the confined 
liquid. 

If the vapour investigated bo steam, the bath may conveniently he of linseed 
oil, which does not boil until the temperature reaches about 1175" (J. 

For the examination of va^mrs at a higher temperature hatha of Home fusible 
alloy or of zinc may be used. 


temperature at w 
be well above fehi 
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is 


_ to be determined. The graduated vessel e being in position, 
the stopper c is momentarily removed, a small lightly-stoppered 
tube G containing a known mass of the liquid is dropped in on to 
the asbestos in A, and the stopper (5 is replaced. The contents of 
the tube G are expellod and vaporized at once, and the air displaced 
by the vapour thus formed passes along l> and is collected and 

measured in E. 

Let V bo the number of cubic centimetres 
of air displaced at temperature r and under 
barometric pressure P corrected for differ¬ 
ence of level between the morcury surfaces 
and for the presence of aqueous vapour. 
Also let m = the number of grammes of 
liquid vaporized; then the corrected volume 
of the vapour formed is - ■ 

i> 07 ‘i 

V y 1 v * 

760 276 + t 




and its density 
760 


mass -r volume is 


m 

V P 


x 


276 -f“ t 
276 


grm. per e.em. 


A 



To obtain the density with reference to air 
the above value must be divided by -001293. 

Gay-Lussac’s Method. In this method 
the volume occupied by a known weight of 
the substance in the form of vapour at a 
known temperature and pressure is measured. 
The apparatus as modified by Hofmann is 
shown in fig. 56. A long graduated baro< 
meter tube A filled with mercury and stand- 


Fig. 58 ing in a morcury trough is surrounded by a 

larger tube B, into the ends of which are 
fitted smaller tubes CD. A stream of hot vapour from some suitable 
boiling liquid passes in at o through R and out at i>, thus maintain¬ 
ing the barometer tube at the boiling-point of the selected liquid, 
which may be ascertained by the thermometer ir. A known mass 
of the liquid whose vapour density is to be found is contained in a 
small stoppered bottle shown at (L When this is iwissod up the 
barometer tub© the stopper is forced out, the liquid vaporizes and 
fills the space above the mercury* Thus the mass, volume, and 
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pressure of the vapour are all known, and the density is calculated 
from those data. 

The following results have been obtained by Cahours for water 
vapour:— 
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Herwig’s investigations, that each vapour, when very tar removed 
from the saturated condition, has a definite density independent of 
the temperature at which it is observed. It is thus established that 
vapours far removed from the saturated condition obey both the 
gaseous laws, and their behaviour is in these respects not to be 
distinguished from that of the gases commonly called permanent. 
In Chaps. V and XI it is shown that the permanent gases obey 
neither of the gaseous laws when they are under such pressures and 
at such temperatures as to be near the point of liquefaction. There 
is, therefore, no fundamental distinction between gases and vapours; 
the differences observed in ordinary experiments are merely due to 
the fact that those experiments are carried on under such conditions 
of temperature and pressure that the “ vapours ” are nearly or quite 
saturated, while the “gases” are far removed from that condition. 

ioo. VAPOUR DENSITY AND MOLECULAR WETOHT. 
—The determination of vapour densities is of more especial interest 
to the chemist, and in reference to molecular theories. According 
to the law of Avogadro (Art. 233), equal volumes of gases or vapours 
under the same conditions contain the same number of molecules; 
hence a determination of the relative densities of gases and vapours 
is a determination of the relative weights of their molecules. The 
real density of a gas or vapour is the limiting value that is reached 
at temperatures far above the boiling-point. 

The molecular weight of a substance which can be obtained in 
the gaseous condition is obtained by doubling its density as com¬ 
pared with the density of hydrogen. 

Thus we have-— 


Gas. 

Relative 

Molecular 

Mftnft of 

one 

Weight 

of 

looo c cm. 

IkmMity. 

Weight. 

Gramme 

molecule, 




gramtneH, 

gramme*. 

Hydrogen . 

1 

2 

2 

‘OHim 

Oxygen 

Ifl 

82 

82 

i -4886 

Nitrogen . 

14 

2a 

28 

1 -2544 

Carbon dioxide 

22 

44 

44 

1*0712 

Chlorine . 

8fi*fi 

71 

71 

n-iaoH 


One gramme-molecule (Art 81) of any gas occupies 22230 c.cm. at 
standard pressure and temperature. This is the volume occupied 
by 2 grm. of hydrogen, 32 of oxygon, &c. Many numerical results 
for individual gases become common when we deal with one gramme- 



molecule, because in this quantity there are the same number of 
molecules whatever the gas may be. Thus for one gramme-molecule 
of any gas (Art. £>4), 

H = I'V 1*0136 x 10° x 22330 

0 .. 273. 

= 82*9 x 10*. 

ioi. SATURATED VAPOURS.-—If the vapour tubes of Art. 
97 stand in a reservoir sufficiently deep, such as that shown in fig. 
61, the pressure on the vapour may be increased by lowering the 
tubes in the mercury. If this be clone slowly when the vapour is 





condensation of vapour into liquid. 
If a saturated vapour be compressed 
a portion liquefies, and if the changes 
of pressure and volume of the vapour 
take place slowly, so as to avoid 
disturbing effects, the pressure is 



WiTTiirij 
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Both stood in a mercury trough, and wore surrounded by a cylinder 
containing water, which was slowly heated by a furnace below. 

The difference between the heights of the mercury columns at 

any temperature showed the maximum 
pressure of the aqueous vapour at that 
temperature. When the water in tho 
bath boiled, the mereury in n stood at 
the love! of that in the (‘intern H, show¬ 
ing that when water boils the pressure 
of its vapour is equal to that of the 

Pressure in Communicating Vessels at Different Temperatures. 
—If two vessels a and B (fig. r>5) in communication with each other, 
and containing nothing but water and water 
vapour, bo maintained at different temperatures, 
the pressure in both tends to be that proper to 
the colder. The pressure in A, (he warmer vessel, 
will be initially greater than that in n, the colder 
vessel, but the dillorenee of pressure at onee leads 
to a transfer of vapour to B, whore it condenses, 
and thus diminishes the pressure to the valuo 
proper to the temperature of u. 

Regnault’s Experiments on Maximum Pres¬ 
sure of Aqueous Vapour, The most accurate ox- 

P 
T 

t< 




atmosphere (Art. 109). 
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wore reau ny a uiormomown* immersed m rno mix¬ 
ture. By this means the pressure was observed at 
temperatures as low as — 30" O., at which tempera¬ 
ture its value is only equivalent to that of *01 in. of 
mercury. 

Although the temperature of the vapour in the 
top of the tube A was not so low as that in 0, the 
pressure, as shown above, is the same throughout, 
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and the steam passed along a tube b into a reservoir c, winen also 
communicated with one arm A of a Boyle's tube, of which the other 
arm B was about 80 ft. high and open to the atmosphere. 

The tube e connected the reservoir c with the pump by which 
the pressure of the air in u was adjusted. Since this pressure was 
really the quantity to bo measured it was necessary that it should 

not be liable to change from 
accidental changes of tempera¬ 
ture. The globe v, was there¬ 
fore surrounded by a bath. 





The tube b sloped upwards, ai 
jacket, so that the vapour was t 
into the boiler r>. The temperati; 
delicate mercury thermometers 4 


in 
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pressures between 5 and 27 atmospheres, at which latter pressure 
the boiling-point of warier is about 230° 0. 

The results of Regnault as corrected by Broch are indicated in 
as much detail as our space will allow in the table on page 417 and 
by the accompanying 

figure 59, in which ,0 |———r*~~T———T—r—“ — J 1 

curve it represents the 9 *--•—- §i --— / 

variation of pressure e _______/ 

with temperature be- _ ___ N 

tween 0" and 100", and $ W 

curve t the variation (t ~ “\r~ 

between — 30" (J. and — 

50” 0., with the pres- | 4 ~ —_,^JzL_ 

sure changes mu. out £ 3 .y 

on a scale ten times as J. Jy I . 

groat iv« in mrvo II. ~y 


tno pressure uoos nor. 
vary in the same ratio 


x iH r — liu; r is imo vapour pressure in 
are numerical constants. 


pressure of alcohol, ether, and other Mulmtuncm The only one that need Iks noticed 
here in mercury, the pmwurn of whoso vajvour he found to bo *746 mm. at 100” O. 
and *02 mm, at O' (’. This preamire i« practically in«en«ihle at all ordinary temper- 
atureH, and thus the reading of tins 1 aerometer needs no correction on this account. 

103. DENSITY OF SATURATED STEAM.—A knowledge of 
the behaviour of saturated steam being of great practical impor¬ 
tance, Fairbairn and Tate investigated it by meant* of the apparatus 
shown in fig, GO. 

Within a kind of thermometer tube a exhausted of air was 
placed a small known mass of water. This tube wits placed in a 
reservoir B containing water, its stem being placed under the surface 
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of mercury contained in the bottom of tho reservoir, which itself 
was immersed in an oil bath C standing in a sand bath I). The space 
above the water in B communicated with a manometer M, and con¬ 
tained a safety valve. As the apparatus was heated the water 

vapour in A was always at the same tempera¬ 
ture as that in B, and at first the vapour in 
both A and B was saturated and exerting its 
maximum pressure. Tho pressures on tho mer¬ 
cury surfaces at e were therefore equal, and the 
mercury stood at the same level inside and out¬ 
side the stem. When, however, all the water 
in A was vaporized, water still remaining in b, 
further rise of temperature led to an increase 
of pressure in B over that in A, and a conse¬ 
quent rise of the mercury in the stem. 

At the instant when this rise commenced 
the known mass of saturated water vapour in A 
just filled a globe of known volume at the pres¬ 
sure and temperature given by the manometer 
and thermometer in b. Tho density of the 
vapour was thus calculable. 

Tho temperatures at which determinations 
were made varied from 58“ (J. to 144" (1, tho 
quantity of liquid in A being varied in the dif¬ 
ferent experiments, and the results were expressed by tho formula 

h 

d "f** c 



V = a + 


where V is the volume, P the pressure, a r= 25*52, h = 1577*6, 
and c = *0244. The tabular results are given on p. 417. 

The results obtained by Fairbairn and Tate are not quite 
accurate, owing to the condensation which took place on the walls 
of the vessel A. They endeavoured to avoid this by first super¬ 
heating the vapour 10° C. or 20° 0. above tho temperature of satura¬ 
tion, and taking the point at which condensation began as the 
mercury column was falling. 

Perot made experiments on several vapours by the more direct 
method of weighing a bulb filled with saturated vapour at various 
temperatures. His values for steam are in general accord with 
those of Fairbairn and Tate, but are by no means identical. 

The experiments demonstrate that the density of a saturated 
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vapour is greater than that calculated from the gaseous laws. But 
the specific volume of steam, i.e. the volume occupied by unit mass 
at any temperature, may be calculated with moderate accuracy from 
other data (Art. 300). 

104 . MIXTURE OF GAS AND VAPOUR. — Thus far we 
have spoken of single liquids evaporating in mono. Dalton examined 
the process when a liquid evaporated into a space already occupied 
by air, gas, or vapour by means of an apparatus 
similar to that shown in fig. 61. In that figure 
rr represents an iron reservoir terminating at 
the bottom in a vertical iron tube s, the whole 
containing mercury. In the bath stand three 
barometer tubes. Of these B serves as a standard 
barometer with which to compare the others, and 
the mercury in the tube v also originally stands 
at the same height as that in R with a vacuum 
above the mercury. 

Now let there be passed into the tube v a suf¬ 
ficient quantity of some volatile liquid to saturate 
the space; this will evaporate, exert pressure, 
and depress the mercury column through x milli¬ 
metres, which is the measure of the pressure of 



the surface of the mercury column stands again at the point marked; 
when this is done the air occupies the same volume as at first and 
therefore exerts the same pressure. 

The total pressure of the gases in A is measured by the difference 
of level between the mercury surfaces in A and B, and this is found 
to be exactly x + y millimetres, of which y millimetres is known to 















be vacuous or already occupied by yas. This is Dal ton’s law. It is 
assumed, of course, that the substances do not act chemically on 
each other. 

The rate of evaporation is much greater in mcno than when air or 
another gas is present. 

If liquids be mixed, it is found that if the liquids dissolve each 
other the vapour pressure of the mixed liquid is less than the sum 
of the pressures of the constituents, but if the liquids are merely in 
juxtaposition without real intermixture the vapour pressure is equal 
to the sum of the pressures of the constituent vapours. 

105 . VAPOUR PRESSURK OF SOLUTIONS.—The vapour 
pressure of a liquid in which a salt has been dissolved is generally 
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of temperature with pressure will give a curve sloping in the direc¬ 
tion CD. This is called the ice line. In an enclosure in which the 
temperature is never above 0 ° C., and in which ice and its vapour 
only co-exist, the variation of the vapour pressure with the tempera¬ 
ture will trace out a line qk on the diagram. This is called the 
hoar-frost line. 

Rognault’s experiments did not justify the conclusion that the 
lines qm and qa wore non-coincident. Kirchhoff, however, con¬ 
cluded that the two linos do not coincide; and Ramsay and Young 
found that when water and y 
ice were contained in separate 
enclosures in contact with 
their vapour at the same pres¬ 
sure, the water was colder 
than the ice, indicating that 
qiq and QA are separate curves. 

The three linos intersect at | 
one point q, which is there- | 
fore called the triple point. * 

This point is obviously near 
to 0 ° ()., as the throe sets of 
conditions demand that ice, 
water, and steam shall exist 
together at the pressure and 
temperature indicated by q. O 
The temperature may be cal¬ 
culated thus: Since pressure 
lowers the melting point of ice hy *0074° per atmosphere, the melt¬ 
ing-point of ice under no pressure is *0074° G. Now if ice be under 
the pressure of its own vapour, which is very nearly equal to that 
of 4f>7 mm. of mercury or *006 of an atmosphere, its temperature 
will be slightly lowered by this small pressure. The amount of the 
lowering is *(K)B x ’0074 f> =a *0000414” (1 The melting-point is 
thus *0074° — *00004 4 4° « *007350° C., which is the temperature 
of the triple point. 

107 . DENSITY OF MOIST AIR -It is often required to find 
the mass of water vapour present in a given volume of damp air. 
Proceeding on the assumption that the vapour obeys the gaseous 
laws, the expression may he obtained from that found for air in 
Art. 55 by multiplying that expression by *62, which is the density 
of aqueous vapour compared with that of air. Thus we have— 



Fig. 62 





128 


HEAT 


j Pressure in Milli- 
i metres of Mercury. 

Temperature. 

Mass in Grammes of one Litre 
(1000 e.om.). 

760 

P 

0" C. (273) 
r° O. = 0 

■62 X 1-29$ 

*62 X 1*293 X - V. x 278 
760 $ 


0 and 273 being the absolute temperatures corresponding to r c (X 

and 0° C. respectively. . , , , , 

Then in a litre of moist air at the absolute temperature 0 and 

at a total pressure P, the air containing vapour at a pressure y, we 
have— 


(i) A litre of water vapour at a pressure y, weighing 

■4644 x '62 x ? crm. 


« , 273 

■62 X 1-293 X r/gQ X e 


(ii) A litre of dry air at a pressure P — p, weighinj 


1-293 x 


760 


p 273 
X 0 


4644 x 


P 


grm. 


the combined mass being 1*293 X . i X grm, 


When a gas is collected over water evaporation takes place at 
each bubble and the collected gas is generally saturated. The 
quantity of dry gas may be ascertained from the above expression. 


108 . EXAMPLES. 


1. 100 c.cm. of oxygen saturated with water are collected at a pressure of 
740 mm. and a temperature of 15* 0. Find the volume of dry oxygon at 0® and 
760 mm., having given that the maximum procure of aqueous vajxmr at 15 s * is 
12*7 mm. 

If the aqueous vapour were removed there would remain 100 c.cm. of oxygen 
at 15° C. and (740 — 12*7) mm. pressure. 


IW 3 

0a 

. 760 v 
* • 273 s 


V, = 


v 1 , 

*x 1 

727’$ X 100. 

7278 X 278 

IrnlTlf 

90*7 fwm 


2. A quantity of dry air measures 4500 cuim. at 10* Cl and 760 mm, pressure. 
If the air be heated to 38° O. and saturated with vapour at that temperature, find 
the volume of the mass of air in order that the pressure may be doubled, tk# 
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elastic force of the vapour at 33" 0. being represented by a column of 37*41 mm. 
or mercury. 

(1) At 10", Vi rs 4500; l\ = 760; 0 t = 283. 

(2) At 33° the total pressure. is 1520, but of this 37*41 in duo to the vapour, 
the pressure of the air is therefore 1520 — 37*41 = 1482*50, 


whence P a = 1482*59; 0 a 


Since v11 1 

0i 


ViVi 

v a 


V a I*. 


306 ; and V a is to bo found. 

e* ^ 


(k 


V, 


.Vi. 


306 X 760 X 4500 
283 X 1482*59 


*i Ik 

2494 c.em. 


QUESTIONS AND EXERCISES 

(For Vapour Premurtn see Tabic on p. ^77.) 

1. Define the terms boilimp point of a liquid and mturatcd vapour. State how 

the density of saturated steam at different temperatures has been measured. 

2. State Dalton's law as to the pressure of a mixture of gases and va|K>urs. By 

what experiments would you verify it for air and water vapour at a temper¬ 
ature of about 50"? 

8. Give an account of the methods by which the maximum pressure of aqueous 
vapour at various temperatures has been determined. 

4. 1 1. of dry hydrogen at O’ U. and 760 mm. pressure weighs *08936 grm. Kind 

the weight of 1 1. of hydrogen collected over water at 20" O. and 765 mm. 
pressure. 

5. A quantity of air at 12“ Cl anil 730 mm. pressure collected ever water measures 

250 c.em. Find the volume of dry air at 0" 0. and 700 mm. pressure. 

6. Kind the mass of 50 c.dm. of atmospheric air saturated with aqueous vapour at 

27 u 0. and under a pressure of 740 mm. of mercury. 

7. Kind the mass of 6 1. of hydrogen collected over water at 18" (l and under 

750 mm* pressure, given that 11*2 1, of dry hydrogen at 0 W 0. and 760 mm. 
weigh 1 grm. 

8. 2000 c.em. of oxygen at 15" (l and 753 mm. pressure has Ixien collected over 

water. Kind the volume of dry oxygen at 0® 0, and 760 mm. pressure. 
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of the liquid. The process of ebullition can be readily observed by 
boiling water in a flask over a spirit lamp. At first small bubbles 
are seen to form on the sides of the glass and to rise to the surface; 
these consist of air. Then at certain points of the heated lower 
surface larger bubbles arc formed which diminish and collapse when 
they pass into the colder water above; these arc steam. When these 
steam bubbles cease to collapse but reach the surface and pass into 
the space above, the water boils. If a thermometer be placed in the 
water it will continue to indicate a rise of temperature until this 
third stage is reached, when the mercury will remain stationary 
although heat continues to be absorbed by the liquid until the water 
has all boiled away. 

If the process be repeated with alcohol, ether, sulphuric acid, 
and othor liquids, it will bo found that each liquid boils at a diHorent 
temperature. 

Effect of Pressure on the Boiling-point. When we speak of 
the boiling-point of a liquid wo moan the temperature at which the 
liquid boils under normal atmospheric pressure, for a liquid can be 
made to boil at temperatures considerably above or below that at 
which boiling usually takes place. In fact, by simply immersing the 
same thermometer on different days in boiling water, perceptible 
differences in temperature may bo found, due to the ordinary varia¬ 
tions in atmospheric pressure. 

In an experiment devised by Franklin a flask is half-filled with 
water, and the water is made to boil for some time till most of the 
air has been expelled from the flask, which is then corked and in¬ 
verted. If a lump of ice be then placed on the flask, ebullition re¬ 
commences and continues until the temperature of the water is far 
below 100° C. This result is due to the condensation of the steam 
above the water, and the consequent diminution of the pressure on 
the surface. 

The temperature at which any liquid boils under any given pres¬ 
sure may be determined by liegnault/s apparatus, shown in fig. 5H. 

Any liquid boils at that temperature at which the pressure 
exerted by its vapour is equal to the pressure upon the surface of 

V tAft A Jk i At 

the liquid. 

The boiling-point of any liquid under standard atmospheric pressure lating 
thus a perfectly definite temperature, the immersion of a vessel in the vajamr of 
a boiling liquid becomes one of tbo means of maintaining the vessel at a steady 
temperature. Thus the vajHmr of oil of turjamtino givos a temjMtmfeure of 159°, 
sulphuric acid mercury 853 B , sulphur 444 H , and chloride of sdno and cadmium 
•till higher temperatures. 
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Laws of Boiling:— 

(i) At any fixed pressure each liquid begins to boil at a certain 
definite temperature. If the pressure bo that of the normal atmo¬ 
sphere, the temperature of the vapour during ebullition is called the 
boiling-point. 

(ii) During the process of boiling this temperature remains un¬ 
changed. 

(iii) The temperature at which any liquid boils varies with the 
pressure. 

(iv) During the process heat is absorbed or rendered latent. 

The hypsometer. - -The pressure of the atmosphere is less at 

the top of a mountain than at the sea level, and water therefore 
boils at a lower temperature on a mountain top. 


(about 5 miles), lienee 


(log P, - log 1\.)- 


Thus suppose at the hospice of St. Oothard water hoik at 93 
Than reference to the tables of vapour pressure show that tb 
pressure of the atmosphere is 58‘8 cm. 


If re represent the height above the sea level 

x = 1840000 (log 76 - log 58*8) 

= 1840000 (*1114) 

= 205000 cm. 

= 6830 ft. approximately. 

The process of finding heights by this means is called hypsometry. 

Papin's digester (fig. 63) is employed for the purpose of raising 

water to a high temperature by 
IP heating it under great pressure. 

It consists of a very strong bronze 
M III vessel, the lid of which is held on 

by a screw. In this lid there is a 
valve, which is pressed down by 
® Httfun a ^K^ed lever, and from this 

Jh| 11 valve steam escapes and lessens 

i; the pressure inside whenever that 

dMl yjj fti pressure becomes greater than that 

exerted by the weighted lever out- 
wide. The safety valve thus pre- 
vonts the vessel from bursting. 

'■l. • icrSly I! .y a kM 

water may he raised to a very 
Fig, (kj high temperature; Imt the pres¬ 

sure is great, as much as 240 lb. 
on the square inch when the temperature is 200“ O. 

The apparatus is used to effort operations which require water to ho above 100", 
flu oh as the extraction of gelatine from bones. Home such contrivance must also 
be used to cook food in places where, owing 1 to diminished pressure, water boiling 
in the atmosphere is not mifliciently hot to cook it. 

no. EETAKDATION OF BOILING. The process of boiling 
has often some difficulty in commencing. This appears to he dno 
to the absence 
formed on the 
through the li 
of air presonl 
evaporates, and 
of air into wr 
commence at 
mire water un 


Fig. o:j 



EBULLITION. LATENT HEAT 


133 


vessel, but in a clean glass vessel its temperature may be raised 
several degrees higher before boiling commences. 

Donny placed some water in a bent glass tube which had been 
most carefully cleaned, boiled the water for a long time to expel all 
air, and sealed the tube during ebullition. The water thus confined 
in a space almost perfectly destitute of air was raised to 137° C. 
without boiling, but at that temperature ebullition commenced with 
explosive violence. 

Dufour prepared a mixture of linseed oil and essence of cloves, 
having a density cupml to that of water at 100° (I, and heated this 
liquid in an air bath. When the temperature was 120" a large drop 
of water was allowed to fall into the liquid. Part of the water 
passed into vapour, the remainder split up into small drops which, 
remaining suspended in the oil, retained the liquid state even when 
the temperature reached 180". 

When a liquid is in this superheated condition the introduction 
of the smallest quantity of gas or vapour produces violent ebullition. 
This effect follows the introduction of a solid rod, but it is almost 
certainly due to the air condensed on the surface of the rod. The 
gas need not be air, however, for the sudden ebullition takes place 
when a small quantity of any superheated liquid is decomposed by 
the passage of an electric current between two ter¬ 
minals immersed in the liquid, if one of the products 
of decomposition be a gas. 

XXI. DETERMINATION OK BOILING - 
POINTS. * 'Phis temperature may be conveniently 
determined by boiling the liquid in the hypsomefcer 
shown in lig. 3, or in a flask fitted up as shown in 
fig. 04. The vapour of the liquid passes up a tube 
aa, and issues by a tube //, whence it may, if neces¬ 
sary, be conducted to a cold vessel and condensed. 

The thermometer passes down the middle of the 
tube ait, ho that its stem and bulb are all in the 
vapour and therefore at. the same temperature, while 
an outer tube r protects from radiation that portion fi«. «4 
of tut which is outside the flask. The height of the 
barometer should be observed and a correction made for deviation 
from the standard pressure. 

xxa. BOILING - POINTS OF HALT SOLUTIONS.— The 

general effect of dissolving a salt in a liquid is to raise the 1 veiling- 




point of the liquid, and up to the limit of saturation the more salt 
is dissolved the higher is the boiling-point. When the liquid is 
saturated the boiling-point is constant; the highest temperature 
obtainable with sea water under atmospheric pressure is 108° C.; 
with a solution of chloride of calcium a temperature of 120° 0. may 

be attained. The steam given 
I’ off from such solutions is pure 

y water vapour, and at the in¬ 

stant of liberation, according to 
Kegnault and Magnus, its tem- 
perature is that of the liquid. 

I The temperature, however, 

rapidly falls, so that a thermo- 
motor placed a short distance 
<Tr*~ above the liquid surface indi- 

A Jj ca tos the same temperature as 

/ Jm if the vapour had been evolved 

/jw from pure water. In Art. 105 

¥ it was shown that there is 

fffl generally a lowering of the 

i B vapour pressure wlum a salt is 

i I * * 

| M 4 dissolved in a liquid. Since a 

i * ML. liquid boils at t.lm temperature 

r ( ’.mMSRta at which its vapour pressure 

n, n IlfrfHtoW is equal to that of the atmos- 

n 3 hl ^ ilrtoJrtrJSl I ^ phere, and the addition of salt 
[ reduces its vapour pressure 

below that value, the liquid 
II ^ must he further heated before 

la 'Mil boiling takes place. 

The instruments for mea- 
yL miring temperature being more 


ing pressure, it is usual in this 






the salt to be added readily, and is connected with a condenser which 
returns the evaporated vapour into A. This tube A is surrounded 
by a jacketing tube B which contains a quantity of a suitable 
liquid, either the same as that in a, or one that boils at a slightly 
higher temperature. The jacketing tube is also at the top connected 
with a condenser. The stand is made in such a form that the heat 
supplied by the Bunsen burners underneath is applied to the jacket 
B and not to the boiling-tube A. To this end a is wrapped round 
with asbestos paper a, and rings h x K of asbestos protect the bottom 
of it. The heating llames are placed outside these rings, and the 
hot gases are conveyed away by tubes s. Thus the tube A is 
preserved from iluctuations of temperature. The quantitative 
results are usually expressed in terms of the gramme-molecule 
(Art. HI). 

The elevation of the boiling-point or the lowering of the vapour 
pressure produced by dissolving 1 gramme-molecule in 100 grm. of 
water is called the molecular elevation of the boiling-point or the 
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when a vapour is converted into a liquid, there is a conversion of 
molecular energy into heat and a rise of temperature (Art. 229). 

The method of finding the latent heat of vaporization is to 
evaporate the liquid in a vessel, and then to allow the vapour to 
pass through a tube to a reservoir or spiral immersed in cold water, 
where it condenses into a liquid, and in so doing gives out its latent 
heat to the water with which it is surrounded, and whose rise in 
temperature allows the quantity to bo determined. This is sub¬ 
stantially the method of mixtures. In Desprotz’s apparatus, resem- 

hiing fig. 40, and in that by 
f) which Andrews determined 

,j 4 the latent heat of many 

I; 1 ' A vapours, the vessel in which 

i the liquid was heated was a 

X giiggjpnr retort placed by the side of 

t^Sssssssssss^;&S uaao // the calorimeter, with the neck 

r -,&5j|& sloping slightly upward. It 

— I JpOT * requires a skilled export- 

_ - f'Jd mentor to obtain anything 

;""h; : approaching accurate results 

X^: K ~ K b, ^ with this apparatus, owing to 

Lj lpS g!^g *JJ _ (l) the liability of liquid to 

„ pass into the calorimeter, (2) 

I A A the sunerheatimr of the 

K-i mmmmaadAw nrrmu _ A O 

1 iction from 
>at to the 
therefore 
’s modifiea- 


■K ^ 


The liquid is boiled in a flask A (fig. 06), which is closed at the 
top, and through the bottom of which passes a large vertical tube a 
To this tube is fastened a spiral s, immersed in a calorimeter v, con¬ 
taining water. The liquid in a is heated by a ring gas burner I), 
over which is placed wire gauze K, and as the tube ns is open to the 
atmosphere at F the liquid boils freely at atmospheric, pressure. 


by a series of screens, a, of wood covered with metal. A mass 


il 
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from conduction of heat along the glass of the tube B, which is 
corrected by observations of the thermometer T before and after the 
distillation process. The correction for radiation is made small and 
perfectly definite by surrounding the calorimeter with the water 
jacket H. 

Then if m x — water-equivalent of calorimeter and contents, 
m 2 -= mass of vapour condensed, 
r, and r,j initial and final temperatures of the calorimeter, 
r 0 = temperature at which the vapour condenses, 

S = specific heat of the liquid, 
and L — latent heat of the liquid, 

we have — 

(i) Heat given out 

(a) By the vapour in condensing an amount = m 2 L units, 

(h) By the condensed li<piid in cooling from t () to r 2 , an amount 

= m.,(T 0 — To)S. 

(ii) Heat absorbed by the cold water and calorimeter = m x 

(t.j — Tj). 

mfa - r,) = mj, + m.,(r u - r.^S; 

• \, = w ‘i( t jlT. T i). - - T a) s . 

• * * * * 

m., 

** 

If the liquid be water the value of 8 is unity. 

Thus suppose 1 oz. of steam at 100° C. to be passed into cold 
water at 15 U G. within a calorimeter, the water-equivalent of the 
calorimeter and contents being 9 oz., and its initial and final tom- 
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spheric pressure. But the temperature of boiling depends upon the 
pressure, and the value of the latent heat also varies with variation 
of the temperature of vaporization, i.e. with the pressure. 

Regnault on Latent Heat of Steam. —The most important 
investigations on the latent heat of steam were made by Iiegnault. 

The essential parts of 

__ his apparatus are shown 

(T ~ 111 b7. 

(f | %£<*£/ Tluii vapour was pro- 

\ duuod in a lams vessel 

\ f (not Hh()wn in th0 

\ ‘ figure), inside which was 

\ d a spiral through which 

\\ «' | c the vapour passed, dry- 

\\ ing itself in the passage. 

V \\ It then passed to 

J \ \ t ^ regulator, a cylinder 

'' v H, from which tubes 

\ \ eomhicted it as required 

[ either to one of the ealo- 

ij| rimeters a (or through 


ratus. In which one of 
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effected in the following manner. A large reservoir of air, com¬ 
pressed or rarefied according to the pressure desired, communicated 
by a tube / with an enclosure M, from which there passed tubes c, d 
bo the lower spheres of the calorimeter, d to the condenser, n to a 
manometer, and another tube not shown in the figure to the boiler 
where the vapour was generated. Thus the vapour was everywhere 
at the same pressure as that in the air reservoir, and this was 
measured by the manometer, whence the temperature of the vapour 
was known (Art. 102 ). 

Course of the MrpnimeM. —The tap K was first placed so that 
the steam on entering R passed through 8 to the condenser. This 
operation was continued for three-quarters of an hour, in order that 
the temperature of all parts of the apparatus might reach a sta¬ 
tionary condition. 

The calorimeters were then filled with water through A, A', the 
steam turned into the globe c, and the rise of temperature of the 
thermometer T was observed. The operation was then repeated 
with the calorimeter c'. The object of having two similar calori¬ 
meters and using them alternately was that the corrections to be 
applied to the one in use might be obtained from the indications of 
the thermometer in the one that was not in use. 

114 . TOTAL IIMAT OF STEAM. It is shown above that the 
heat measured within the ealorimeter is the result of two processes 
—the condensation of the steam and the cooling of the water thus 
formed. The total heat given out by unit mass of steam at t° in 
condensing and cooling to 0 U , or what is the same thing, the heat 
required to raise unit mass of water from 0 " to r\ and then to 
evaporate it at that temperature* Regnanlt (sailed the total heat of 
steam at r\ He determined this quantity for a wide range of tem¬ 
peratures, and found from his results that the value of this quantity 
H for l grm, of steam at any temperature r might be expressed by 
the formula « 

H r = 006*5 + *305 r. 

Hence since the mere heating of the gramme of water from 
0° to t° (A takes r units of heat, wo have for the latent heat 
606*5 + “505 t — t, or 

L r « 600*5 - *695 r. 

This expression shows that the latent heat decreases as the tem¬ 
perature increases. 
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Watt knew that the latent heat of water was less at 100° than 
at lower temperatures. He had concluded that the difference was 
equal to the difference between the sensible heats. This, however, 
is not the case. Regnault’s formula gives— 

At 0°C., L = 606-5 - 0 = 606*5 

At 100° C., L = 606-5 - 69*5 = 537 

At 872-6° C., L = 606-5 - (-695 x 872-6) = 0 

The heat required to convert a gramme of water at 100° O. into 

steam at 100° C. is less by 69-5 calories than that required to convert 
a gramme of water at 0° C. into vapour at 0“ O. 

In explanation of this result, it may bo pointed out that as 
the temperature of liquids is raised their molecular condition may 
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10 liquid is placed in a glass hull) which is enclosed 
;atcs with a surrounding vapour jacket. Inside the 

t' 

through the glass. An electric current passed through the wire 
develops heat, and the vapour passes round the jacket. When the 
liquid has been boiling for some time and the whole has reached 
a steady temperature, then all the heat developed in the wire is 
spent in converting liquid into vapour and none in raising or main¬ 
taining the temperature. The energy supplied is capable of very 
exact determination (Art. 133). 

For comparison, two such bulbs containing different liquids arc 
arranged in series, and the ratio of their losses in weight is inversely 
as their latent heats of evaporation. 

Employing this method, 1 tarn say and Marshall obtained the 
following results: - 


Hubutuneo. 

Latent 

Bolling- 

Molecular 

Value of 

Heat, L. 

point, r V. 

Weight, w. 

M X L ■+■ a. 

Bimswno 

aw 

H0*2 

77-4 

20*15 

Toluene 

80*8 

110*8 

01*3 

20*6 

Alcohol 

2115*5 

78*2 

45*6 

28*1 

Water 

587 

100 

17*8 

25*6 

Methyl butyrate 

7S>-7 

102*7 

101*2 

21*4 


Other liquids gave a result for column five of about 21. From 
many such observations "Fronton has been led to formulate the law 
that in liquids llu* molecular latent heat of valorization (m x L) divided 
by the absolute, temperature of the boilinq-mini is a eon slant. 
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air being rapidly pumped out of the receiver the cold water com¬ 
menced to boil quickly. The vapour produced was, however, 
absorbed by the sulphuric acid as fast as it was formed, and the 
heat required to produce the vapour being taken from the objects 
within the receiver their temperature fell, and the remaining water 
was frozen. 

An elaboration of this apparatus by Carr4 forms a practical 
machine for freezing water. The water and sulphuric acid are 
placed in separate vessels communicating by a tube and connected 
with a special form of air pump. When the pump is worked the 
sulphuric acid is briskly agitated by a stirrer driven by a rod con¬ 
nected with the handle of the pump. The water vapour is absorbed 
as fast as it is formed, and evaporation takes place so rapidly that 
the water freezes almost immediately. 

By evaporating liquids more volatile than water, more intense 
cold is produced. Thus, by surrounding mercury with sulphurous 
acid, and causing this volatile liquid to evaporate by passing a stream 
of air bubbles through it, sufficient cold is produced to freeze the 
mercury. 

Carre's Ammonia Apparatus.—This apparatus consists of two 
iron vessels A and c (fig. 68) connected by a tube D. The vessel A 



Fig. 68 Fig. 69 


contains a strong aqueous solution of ammonia, and when this is 
heated the gas is driven off and condenses in the vessel C, which 
stands in a bath of cold water E, and contains within it the vessel B, 
enclosing the water to be frozen. 


































































When the ammonia has been thus driven into o, the vessel A is 
removed to the cold-water bath K (fig. 69), and <j is surrounded with 
some non-conducting substance. The liquid ammonia rapidly evapo¬ 
rates, passes along the tube l> into the vessel A, where it is absorbed 
by the cold water. The heat rendered latent by the evaporation of 
the ammonia is obtained from the water in B, which is thus frozen. 

117 . SUBLIMATION. Some solids, such as iodine, arsenic, 
camphor, ice, and carbonic acid in the form of powder, slowly evapo¬ 
rate without passing through the liquid state. The formation of 
hoar frost is a good instance of this process of sublimation. The 
water vapour does not liquefy and then freeze, but is deposited in 
the solid state. Flowers of sulphur are produced by the sublimation 
of sulphur vapour. For each solid there is a definite vapour pressure 
for every temperature. In many cases the pressure is too small to 
1)0 measured. Just as each liquid has a boiling-point each such solid 
has a subliming point, i.o. a fixed temperature at which, if heat be 
supplied to it, the substance passes into vapour whose pressure is 


heat of sublimation, i.e. the quantity of heat absorbed in the vapo¬ 
rization of unit mass of the solid. 

Ramsay and Young froze solid camphor round the bulb of a 
thermometer, and placed the thermometer in a vessel connected in 
one direction with an air pump and in another with a condenser 
kept cold by immersion in a freezing mixture. The pressure on the 
camphor was varied by means of the pump, and its temperature was 
read on the thermometer. At low pressures the camphor sublimed 
and its vapour passed into the condenser. At a pressure of about 
half an atmosphere the camphor liquefied. Under atmospheric 
pressure arsenic sublimes, but when heated in a closed vessel under 
higher pressure, molts. When the pressure of the vapour of a solid 
is not less than that of the atmosphere, the solid sublimes. 

1 x 8 . SPHEROIDAL STATE.—If a claim silver spoon he filled 
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If a small quantity of water be dropped into a platinum or silver 
crucible kept at a red heat, the water does not pass into steam, but 
gathers itself into a spheroid, and romains for some time at a tem¬ 
perature below that of boiling. The liquid spheroid may often be 
observed to spin round on its axis as it slowly evaporates. If the 
heated metal consists of a smooth level plate, as shown in fig. 70, it 
can readily be seen that the globule of liquid does not touch the 
plate. This fact may be also proved by immersing in the liquid one 
terminal of an electric circuit, containing a battery and a galvano¬ 
meter, and attaching the other terminal to the plate; no current 
passes, which proves that the circuit is broken. 



Fltf, 70 


This lack of contact between hot metal and adjacent liquid may 
be further exemplified by lowering a red-hot metal ball into water 
or into “Plateau’s solution ”. In this experiment the ball may be 
seen to be surrounded by an envelope of vapour, within which it 
may remain red-hot for several seconds. When it has cooled to a 
temperature somewhat above the boiling-point of the liquid contact 
takes place, and vigorous ebullition begins. 

Experiments have been made with many liquids with remarkable 
results. Boutigny poured liquid sulphurous acid into a white-hot 
platinum crucible; the liquid assumed the spheroidal state, and he 
then dropped water upon it. The water was quickly frozen, owing 
to the cold produced by the evaporation of the sulphurous acid. 
Using ether and carbonic acid, Faraday even froze mercury in this 
way. 

The probable explanation of this peculiar condition of liquids is 
that owing to the layer of vapour that exists between the liquid and 
the hot metallic surface, the liquid receives heat only by radiation 
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or by conduction through the vapour. Recent researches point to 
the conclusion that most of the heat reaches the spheroid by con¬ 
duction. The conducting power of gases and vapours is very small; 
hence the comparative coolness of the liquid spheroid. 

1x9. EXAMPLES. 

1. 10 lb. of water at 110° 0. is suddenly exposed to normal atmospheric pres¬ 
sure. How much is immediately converted into steam ? 

When the exposure takes place the pressure is reduced, steam is formed, and 
the heat necessary to produce the change of state is abstracted from the mass of 
water, whose temperature rapidly falls. 

Suppose the mass of steam formed to be x lb., then neglecting work done on 
the atmosphere, 

Heat absorbed = 5117a* pound-degrees, 

Heat given out = 10 X (110 — 100); 

as a Ul r., *186 lb. 

2. How many pounds of iron at 200*' (3. would be required to convert 10 lb. of 
ice at 0° O. into steam at 100" ( 1.1 Specific heat of iron = *112. 

Let x lb. be the? moss recpiirod. The heat absorbed effects three operations:— 

(1) Melting the ice requires ... ... 10 X 80 pound-degrees. 

(2) Heating the water formed from 0" to 100" 

requires.10 X 100 „ 

(8) ftviq>orating the water requires ... ... 10x587 „ 

The total quantity is ... 7170 „ 


The heat given out by the iron in cooling from 200" to 100" is 100 X ‘112 X as 
pound-degrees. 

11*2* = 7170. 

x 640*2 lb. nearly. 
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QUESTIONS AND EXERCISES 

1. What is meant by latent heat of vaporization^ If the latent heat of vaporiza¬ 

tion of water be 966 when 1° Fahrenheit is the unit of temperature, what 
will it be when 1° Centigrade is the unit ? Would the result be different if 
the unit of mass had been changed ? 

2. Describe an experiment showing that water can bo frozen by its own evapora¬ 

tion. What weight of vapour must evaporate in order to freeze a gramme 
of water already at freezing-point ? 

3. How would you determine the latent heat of other vapour? 

4. A jet of steam at 210” F. is passed into an open beaker containing a strong 

solution of a salt (say nitrate of soda) in water. The solution presently boils; 
its temperature is then tested by a thermometer, and found to be several 
degrees above the temperature of the steam which heated it. Account for 
this fact. 

5. The latent heat of steam is stated to be 536. What does this mean? Describe 

in detail the experiments you would make in order to verify the statement. 

6. Wator is heated under pressure to 205*' 0.; on opening the valve of the appa¬ 

ratus steam escapes and the temperature falls to 100“ O., when it is found 
that one-fifth of the water has escaped. From these data calculate the 
latent heat of steam. 

7. 1 oz. of steam at 100” 0. is passed into 9 oz. of water at 15” (!., and the result 

is 10 oz. of water at IT 0. What is the latent heat of steam? 

8. How much ice can bo melted by 3*4 lb. of steam ? 

[Latent heat of fusion of ice =- 79*5 units Oonfcigrade; latent heat of 
evaporation of water ~ 537.] 

9. How is the boiling-point of water affected by external pressure? Explain 

what happens when water is placed in the receiver of an air pump where the 
pressure is not more than that of 3 mm. of mercury. 

10. Find the temperature at which water boils on the top of Hnowdon (3570 ft.), 
assuming 100° O. as the boiling-point at sea level. 

[Log 76 = L8808; log 66*3 = 1*8217.] 


4# 

I L JL lb. As eAa 


LIQUEFACrrrON OF GAB EH 

i 2 o. BOYLE’S LAW AT IIIU1I PUKSSURES.—-In (-hap. V 
it was shown that Boyle’s law was not rigidly obeyed by any actual 
gas, but that for pressures up to about 30 atmospheres the law might 
be regarded as a very approximate expression of the behaviour of 
the more permanent gases. 

Cailletot and Amagat have extended these researches to pressures 
of 300 atmospheres, Cailletot employed a Boyle’s tube of steel 
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having one arm about HOC) ft. high, which was lowered clown a deep 
artesian well, and into which mercury was poured. The short arm 
was coated inside with a thin layer of gold (which is dissolved by 
mercury), and the volume to which in any particular experiment the 
gas in the short arm was reduced was indicated by the length of 
that portion of the tube on which the gilding remained. The gas 
employed was nitrogen, and among the readings taken were the 


following: 


1* 

V 

I»V 

In Metre* of Momiry. 

mess ,,, 

207-0 

. 8180 

mem .. , 

102*80 ... 


70*2a .. 

100*0 

. 8100 

W>'2 

80*0 

.... HftSfl 

182 

51*0 

...... 0000 


It will he noticed that the diminution in the value of VV as the 
pressure increases (Art. 44) does not continue beyond a certain point. 
When the pressure reaches that of 511 m. of mercury, the value of 
PV commences to increase. 

Other gases were compared with nitrogen by means of PouilloPs 
apparatus (tig. 28 ). 

Amagat made an extended series of experiments on nitrogen 
with apparatus similar to that shown in fig. 28, and then compared 
other gases with nitrogen by enclosing tl^m successively in a 
manometer placed in a hath beside another manometer containing 
nitrogen. 

The results of (’ailletet and Amagat may he summed up as 
follows: 

(i) N<» jpw ttcreratt'ly idiny* Hoyhht law, 

(it) Tii* deviation from tin* law is tliffWtmt for ««*rh gm. 

(lit) For id! foxropt hydrogen I thr> cnmprvmibility in gimtw than that 

indicated by tbt* law, imfil tlio priwMir* lum imwtwrd up to a curtain point; 
boyond that point th« mmpriwibibty dimminhuft. 

At this piirfunilar prr>«mirr> thv pr««lurt |*V has n minimum value* and the gas 
near that prrwurr Hoy 1**5* law, 

(iv) Thu video of tlm premut* for width PV is a minimum m different for 

«u»h g«i, 

(v) In tho ciwwof hydr«^**n PV hm m» minimum valuu, but increase* from the 

Unit 

Fig, 71, taken Lum voh ix of the BmyeiapmUi i shows 

these results in n convenient manner, the mmm or defect of the 

value of I’V from the theoretical value given by Boyle'* law being 
plotted ftguiuHt the pre#mtre. If Boyle’* law were accurately fol- 
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lowed the curve for each gas would be simply the straight line 
marked *0. Starting from a pressure of about 25 atmospheres the 
hydrogen curve is practically a straight lino, the value of P V steadily 

increasing. For other gases 
the value of PV at first de¬ 
creases and then increases 
at an almost uniform rate. 
Ethylene and carbon dioxide 
gave curves of the same 
general character as that 
shown for marsh gas, but 
with a sharper inflection 
where the direction of the 
curve changes. The curves in 
the figure are drawn for one 
temperature only. At higher 
temperatures the curves for 
the more compressible gases 
become flatter. For very 
high pressures the curves 
become in all cases straight lines, for which the equation is PV = 
Vb + Q, where Q is a quantity dependent on the temperature, and 
b represents the least volume which the substance can occupy. 

I2i. THE CRITICAL STATE.—In some early experiments by 
Cagniard-Latour and Drum, peculiar effects were ob¬ 
tained, which have since been carefully investigated by 
Andrews and others. The substance was obtained in an 
intermediate condition, when it was neither liquid nor gas. 

Cagniard-Latour employed a curved tube, Ana (fig. 
72), nearly full of mercury. He confined a liquid at a 
in a space very little larger than itself, and enclosed a 
quantity of air at u to serve as a manometer. The tube 
A was placed in a suitable bath, and as the temperature 
rose the vapour of the liquid in A exerted a continually 
® increasing pressure, which was registered by the com¬ 
pression of the air in o. When the temperature reached 
Mg. 72 a certain value the surface of separation between the 
liquid and vapour in a ceased to exist; the whole 
became homogeneous. The pressure was very great, but at the 
somewhat high temperatures employed neither ether, alcohol, nor 
■jvater could be retained in the liquid state. 





that as the pressure was increased the volume of the gas diminished, 
and when the pressure reached a certain value, liquid carbonic acid 
appeared in the tube. At 13*1“ Cl the pressure when liquefaction 
commenced was 47 atmospheres, at 21*5 H it was 60 atmospheres, the 
pressure rising rapidly as the temperature was raised. When the 
temperature was above 31” 0 . it was found that by no increase of 
pressure that could be applied was it possible to produce the ordinary 
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phenomena of liquefaction in which liquid and gas exist together 
with a well-marked surface of separation between them. As the 
pressure was increased the volume diminished, but the substance 
remained homogeneous throughout in an intermediate state neither 
liquid nor gas. 

Critical Constants. —Many investigations have since been made 
on gases and vapours, and it is found that they all exhibit the same 
phenomena in a greater or lesser degree. The behaviour of carbonic 
dioxide described above is typical, and indicates the general relation 
between the liquid and gaseous states. The temperature above 
which it is impossible to produce liquefaction of a gas by any 
pressure however great is called its critical temperature. For car¬ 
bonic acid the temperature is 30*9° C.; for vapours, such as steam, 
it is very high; for the more permanent gases the critical tempera¬ 
ture is very low, and it is therefore necessary to chill them strongly 
as well as to compress thorn in order to produce liquefaction. Air 
has boon compressed at lf>° G. by Cailletet until its donsity was 
nearly equal to that of water, without the definite change called 
liquefaction taking place. 

When a substanco is at its critical temperature there is a certain 
value of the pressure at which the substance is in a critical state, 
an unstable condition in which small changes of pressure and tem¬ 
perature produce a great effect on the substance. Thus, if the tem¬ 
perature and pressure bo slightly below the critical values so that 
the substance is part liquid and part gas, a slight increase of tem¬ 
perature causes the surface between the liquid and gas to disappear. 

The volume occupied by unit mass of the substance when in this 
state is called the critical volume, and the value of the pressure the 
critical pressure. 

The following values have been obtained * 


SubRtanco. 

Critical 

Temperature. 

Critical 

Preiwuro, 

Critical 

Volume. 

Carbon dioxide. 

;io*r a 

70 ut.mon. 

*0000 

Benzene . 

288*5" (J. 

48 „ 

0*29 

Ether . 

mr a 

:m „ 

*010 

Water 

306" a 

200 , 

*4 


The values of the critical temperature and pressure are usually 
observed, and the critical volume then calculated from a knowledge 

of the densities of the liquid and the vapour, and the rates of change 




:m" 0., tho pressure being 200 atmospheres. Galitizino made use 


of tho fact that tho refractive index of a substance in tho liquid 
state is different from that of tho same substance in the gaseous 
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or by surrounding the gas with a liquid which is made to evaporate 
rapidly. It is by the second of these means that the lowest tem¬ 
peratures have been obtained. 

The method employed by Faraday for the liquefaction of chlorine 
and ammonia gas, was to place the materials by the chemical action 
of which the gas was produced in one end of a strong bent glass 
tube (fig. 74) and to immerse the other end of the tube in a freezing 
mixture. As the gas was evolved in the limited space, the pressure 















Pictet’s Experiments. —The principle of this method is that of 
Faraday’s experiment. The apparatus employed by Pictet for the 
liquefaction of oxygen was of a complicated character; the general 
arrangements, however, may he understood from the accompanying 
diagram (fig. 76). Liquid sulphur dioxide was caused to pass into 
a cylinder aa', where it evaporated rapidly under the influence of an 
exhausting pump also communicating with aa'. The result of this 
rapid evaporation was to produce a temperature of about — 65° C. 
within the cylinder aa'. Into a tube bb' contained within aa' 



to •iacHctuit jtwnfa 


Fitf. 7fl 


gaseous carbon dioxide was forced by means of a pump 
the pressure within this tube reached about 5 atmospheres [i»m tem¬ 
perature being — 65" 0.), the carbon dioxide liquefied. 'Hie liquid 
carbon dioxide then passed through a tube into a long cylinder <jo' 










M 


Mliia 


[»N1 


Dotrom, wn.n wie mown piungou in mercury. 

The pressure was applied to the surface of the mercury by means 
of a powerful force pump, and arrangements were made so that by 
turning a tap the pressure could bo instantly relieved. The upper 
part of the gas tube was surrounded 
by a cylinder containing cold water 
or a freezing mixture. Oxygon 
and carbonic oxide at a pressure of 
500 atmospheres showed no trace 


was seen in ino inno, 
trod in a few socoi 
meraturo again rose 


sao oxpen 


gas was the same as that employed 



a was contained within a v 
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which, as registered. by the hydrogen thermometer h, was — 136°. 
At this temperature bisulphide of carbon, alcohol, and chloride of 
phosphorus, placed in N, were quickly solidified; and under a 
pressure of 20 atmospheres oxygen was obtained as a liquid in 
considerable quantities within the tube a. 

Nitrogen and oxide of carbon wore more difficult to liquefy than 
oxygen. At —136° under 150 atmospheres pressure they remained 
gaseous, but were converted into liquid when the pressure was sud¬ 
denly relieved, the lower temperature produced by the rapid expan¬ 
sion being below their critical temperatures. 

Liquid oxygen being obtained with comparative facility, a quan¬ 
tity was procured and employed instead of ethylene as the refriger¬ 
ating substance in further experiments, during which hydrogen, 
nitrogen, air, and carbonic oxide wore liquefied ami nitrogen solidb 
fiod. Hydrogen proved the most refractory substance, remaining 
gaseous at a temperature of about — 200" (produced by evaporating 
liquid oxygen in vacuo) and under a pressure of 100 atmospheres. 
The production of a still lower temperature by means of rapid ex¬ 
pansion, however, converted a portion of the gas into a liquid. The 
low temperature was estimated from the indications of a thermo¬ 
electric couple (Chap. XVII). 

Dewar’s Experiments. —In most of the above work the liquids 
were obtained in small quantities. Dewar has carried on work for 

many years at the Royal Institution, 
and has succeeded in obtaining large 
quantities of the liquids of most of the 
“permanent” gases; and retaining 
them in the liquid form at atmos¬ 
pheric pressure for long periods, has 
examined their properties. 

The form of vessel invented by 
him for holding the liquids has double 
walls (fig. 78), the space between the 
walls being as perfect a vacuum as can bo got with the inside faces 
silvered. Dewar finds that the effect of the high vacuum and the 
silvering is to reduce the heat that pfissos through the flask to the 
liquid to about one-thirtieth part of that which flows inward through 
the walls of an ordinary flask. lie has also perfected the methods 
by making use of the absorptive power of charcoal. He found that 
this substance at the low temperatures employed shows an extra¬ 
ordinary power for absorbing gases, amounting to from thirty to 
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BB, emerges 
between the 
large pipe D, 
ing through 
atmospheric 


To Gas-holder \ 


From Gas-holder] 


through a valve c, passes up through the interstices 
coils, and emerges into the atmosphere through the 
. The valve 0 is controllable by the hand wheel E act- 
a steel spindle. As the gas leaves 0 it expands under 
pressure, and in so doing falls in temperature, and this 
M cooler gas passing up on its 

D t j way outside the coils to the 

--IF Z— aperture T>, chilis the coils. 

^ The gas on its way inside the 

coils towards the valve c 
arrives there colder in conse- 
(Sral quence, expands at a, and 
becomes colder still. And so 

Jl_the process goes on until the 

^ ; region round about o becomes 

•’ 80 cold that drops of liquid 

form and fall into the vacuum 
vessel ff. 

4 This vessel (f) is made 

1—— —f with double walls, the space 

between the walls being highly 
exhausted, and the interior 
(QpM walls themselves silvered, with 

cfjpM the result that the heat pass- 

big from the exterior to the 
t r biterior of F is greatly reduced. 

1 J ^ U) °°bocting vessel is further 

protected from radiation by 
[] concentric glass cylinders with 

C ax air between. The liquid that 

K Jjj collects in F may ho drawn 

off through the tube (J, or 

_ the whole of the lower part 

jOTg. si of the apparatus may he de¬ 

tached. 


The liquefaction of hydrogen is now effected on a commercial 
scale by similar means. Fig. HI is a diagram of the apparatus. 
The gas is compressed in a suitable gasholder to about 150 or 
200 atmospheres. It is then passed through a coiled tube A around 
which passes cold gas, and then through the coils in chamber B, 
which is filled with liquid air. Here the temperature is reduced to 



LIQUEFACTION OF GASES 


159 

about — 190° C. Some of the liquid air in b drops into the next 
chamber <J, and on evaporating is exhausted by a pump through the 
pipe D. The hydrogen passing through a coil in (J is thus further 
reduced in temperature to below — 200" 0. It then passes into the 
regenerator coil ic contained in a fourth chamber, and issues from a 
valve it which can be controlled by a spindle M. In passing through 
the valve to less than l atmosphere pressure the gas is cooled still 
further by its own free expansion. As this cold gas is pumped up 
through coils in the chambers k and c and through A it cools the 
whole apparatus still further, until after a few minutes, the tempera¬ 
ture in F having fallen to about — 250" O., liquid hydrogen drops 
through the tube u into the vacuum flask K. When this flask is full, 
the chamber N can be detached and the flask removed. 

123 . SOLIDIFICATION OF OASES. - 

Air .—-“Placing a litre of liquid air in a vacuum vessel, and sub 
joeting it to rapid exhaustion, Dewar obtained about half a litre 
of solid air, which retained the solid state for a considerable period. 
At first it was a stiJT transparent jelly, from which the still liquid 
oxygen was drawn out by placing the substance between the poles 


gas, thus inducing rapid evaporation. The liquid nitrogen was con¬ 
tained in a vacuum vessel standing in another vacuum vessel con¬ 
taining liquid air. The hydrogen passed through coils inside those 
liquids, and was thus on its emergence into the liquid nitrogen at 
the same temperature as that liquid. Under these circumstances 
the nitrogen solidified in the form of long spiral tubes through 
which the hydrogen passed. 

The density of solid nitrogen — —— 

was determined as 1 *03. “ 

lljfdmjai. Having ol> _ _ 

tain ad a quantity of liquid 61 ll J \0 

hydrogen in a vacuum vessel, 

Dewar connected the vessel If a li IIL£Ji 

to a pump, and by rapid ex- \JxVv 

haustiem the liquid was caused 

to evaporate so quickly that Itg. at 

It solidified, presenting the 

appearance of a froth of snow and hubbies. On immersing a tube 
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into a clear transparent solid. The temperature was estimated 
as 15° absolute. 

Dewar has also obtained the refractory gases in the solid state 
by making use of the absorptive power of charcoal. Two bulbs 
(fig. 82), one, a, containing (say) liquid hydrogen and the other, c, 
powdered charcoal, were connected by a cross tube in which there 
was a tap. Each bulb was immersed in a vacuum vessel b, b contain¬ 
ing liquid air evaporating slowly under atmospheric pressure. When 
the tap was opened the liquid hydrogen in a evaporated so rapidly 
that the liquid froze. 


CHAPTER XII 

HYGROMKTKY 

124 . Since water exposed to the atmosphere is continually 
evaporating, and since the larger part of the earth’s surface is 
covered with water, the air always contains water vapour in greater 
or less quantity, more in hot regions than in cold, loss in inland 
districts than near the ocean; and this fact forms an important 
element of climate. The quantitative investigation of the state of 
the air as regards the moisture it contains is Hygrometry. The 
term meteorology is used in a wider sense; it is the science which 
deals with all circumstances affecting the weather. 

125 . EVAPORATION OF WATER INTO THE ATMO¬ 
SPHERE.—The rate at which water evaporates when freely ex¬ 
posed to the atmosphere depends on the following circumstances 

(i) The area of the exposed surface. Si pee evaporation is wholly 
a surface phenomenon, and takes place alike at every jmrt of the 
surface, the mass of liquid evaporating per second is proportional to 
the area of the surface. 

(ii) The dryness of the air. When the air is saturated no 
evaporation takes place, or, to speak more accurately, the rate of 
evaporation is equal to that of the condensation, which goes on 
simultaneously. When the air is perfectly dry, evaporation pro¬ 
ceeds at its fastest rate. 

(iii) The pressure of the air. We have seen that evaporation 
proceeds very fast in mcm and much slower in the atmosphere. 
Dalton found that the rate was inversely proportional to the pres- 
sure on the liquid surface. 



(iv) The presence or absence of wind. When wind is blowing 
over a small exposed surface of water the rate of evaporation is 


replaced by air which is further removed from saturation. 

(v) For every liquid the rate also depends upon the nature of 
the liquid, each having a special volatility. 

126 . CONDENSATION OF VAPOUR IN THE ATMO¬ 
SPHERE.—-The continuous evaporation of water is counterbalanced 
by its continuous condensation. This process may take place either 
on some cold surface, in which case dew or hoar-frost is deposited, 
or it may take place in the air itself, giving rise to fog, cloud, rain, 
hail, or snow. 

Clouds. A cloud is a collection of very small particles of 
miter. 

If a mass of air containing water vapour (which is invisible) be 


ot 

fall further, minute drops of water are produced, which in the aggre¬ 
gate form a cloud. This fall of temperature often occurs in the 


ospnere it 01 ton oecomea emueu neiow tno point or saturation, 
[1 the same result. 

Clouds, especially on mountain tops, are often stationary, but the 


P 

pared to a busy city street, which from a distance looks about the 
same for several successive hours although the individuals which 
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In a town fog, multitudes of small solid particles of dust, soot, 
&c., serve as nuclei around which the water vapour condenses. 

Rain.—Rain is produced by the coalescence of the small water 
drops into larger drops, which fall more rapidly. 

Hail.—The mode of formation of hail is not fully understood. 
The hailstones may be produced by the freezing of drops of water 
as they pass through a cold stratum of air. 

Snow.—When tho temperature of a mass of air is chilled below 
0 ° C. the water vapour condenses into the solid form, and the aggre¬ 
gation of the small ice crystals produces snowflakes. 

If these small crystals are formed near the ground they may be 
deposited as fast as they are formed. Such a deposition is called 
hoar frost 

Dew.— Dew is the layer of water that condenses from the 
vapour present in warm air when brought into contact with cold 
surfaces. The circumstances under which dew is deposited are given 
in Art. 174. 

127 . TERMS USED IN IIYGUOMETUY. — (a) The dew- 
point is the temperature at which dew is deposited. Since a deposi¬ 
tion of moisture only takes place when tho air is saturated with 
water vapour, the dew-point may be defined as the temperature at 
which tho aqueous vapour actually present in the air is sufficient 
to saturate it. This temperature therefore varies from day to day 
according to tho temperature and dryness of tho air. 

( 1 b ) A knowledge of the actual mass of water vapour present in 
unit volume of air is of loss interest than that of the ratio between 
vapour and air. 

The term hygrometric quality is used to express tho ratio— 

Mass of vapour present in unit volume of air 
Mass of unit volume of air. 

(c) The terms humidity, or relative humidity, or hygrometric 
state are all used in the same sense. The expression relative 
humidity is the most suggestive of its meaning. We have seen that 
there is a certain maximum mass of vapour that can be contained in 
unit mass of air at a given temperature, and when this amount is 
present the air is saturated. Tho air gives ns the feeling of damp¬ 
ness or dryness according as it approaches or recodes from the con¬ 
dition of saturation. The amount of vapour actually present on two 
days might be exactly the same; but if one war© a hot and the 
other a cold day, we should say that the air on the hot day was dry 




and on the cold day moist. The term relative humidity indicates 
the ratio— 

Mass of vapour actually prcwcnt in a unit, volume of air at r° 0. 

Maws of vapour which would saturate that volume at r" <J. * 

t° C. being the actual temperature of the air. 

128. DETERMINATION OF RELATIVE HUMIDITY.—It 
is not usually necessary to actually find the mass of water vapour 
present in a trivon volume of air. It is simpler to deal with the 
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the tubes the air deposits most of its moisture in the tube marked 
6 , a little in 5, and possibly some in 4 . The volume of the air 
drawn in is very nearly equal to that of the water collected under 
the tap r, and the weight of the aqueous vapour is equal to the total 
increase of weight in the tubes 4 , f>, 6. 1 he object of the tubes 
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If p in the maximum pressure of water vapour at the tempera¬ 
ture of the aspirator, V Urn pressure of the atmosphere, V 2 the 
volume of the air that entered at r, we have — 


This value of V,, must replace V t in expiation (A) above, 

(ii) r rhe temperature of the air in the aspirator may not be 0°, 
for which value only the above constant *001058 is correct. If 0 be 


The chemical method is capable of giving accurate results, but in 
nraetiee it is laborious. It has been assumed above that the aanirator 


130 . CONDENSATION OR DEW POINT HYGROMETERS. 
- A simpler and more usual method of determining the vapour 
pressure in the atmosphere is basts 1 on the observation of the dew¬ 
point. When that temperature is known the vapour pressure can 
be at once obtained from the tables. 

Thus suppose we have a mass of air at 1 (V‘ C. containing water 


air gradually approaches the condition of saturation, and when a 
certain temperature is reached, suppose It) (.1, the air is saturated 
with vapour, and dew begins to be deposited, The pressure of the 
vapour when this deposition of dew commeuees is the maximum or 
saturation pressure for that jmrticular temperature. On referring 
to page 417 we see that for 10 the maximum pressure is that of 

This then was the pressure of the vapo 
itocl, and since this pressure did not chan 
mm. wits the actual value of the pressu 
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of the vapour at the higher temperature of the air (16° 0.) when rhe 
process commenced. 

A second reference to the tables shows that the maximum or 
saturation pressure of water vapour at the original temperature of 
the air, 16° 0., is 13*51 mm. 


Thus we have 


actual pressure 
maximum pressure 


9 14 
1351 


69 

100 ’ 


The relative humidity was 69 per cent. 

To find the dew-point several instruments are in use. 

Daniell’s Hygrometer. —1 )aniel 1 ’s hygrometer consists of a Lent 
glass tube of the form shown in fig. H4, each end terminating in a 

bulb. The tube contains liquid ether and 
ether vapour only, all the air having been 
expelled. In the long arm of the tube is 
placed a sensitive thermometer /; the bulb a 
is blackened and b is covered with muslin. 
In using the instrument, the liquid ether is 
first passed into the bulb A, and a few drops 
of ether liquid are poured on to the muslin 
around B. This external ether at once eva¬ 
porates, and cooling the bulb causes the 
other vapour inside to condense in b and 
the liquid in A to evaporate. The temper¬ 
ature of A thus gradually falls, and the 
observer notes the reading of the thermometer / when the first film 
of dew appears on the blackened bulb. When the action has ceased 
the temperature of A rises, and the thermometer reading is again 
noted when the film of moisture just disappears. The mean of the 
two readings is taken m the dew-point; a thermometer f mounted 
on the stem of the instrument indicates the temperature of the air. 

There are several sources of error in this instrument. 

(i) The thermometer gives the temperature of the centre of the 
liquid, which is higher than that of the surface, where evaporation 
is taking place. 

(ii) Since glass is a bad conductor of heat, its outer layer where 
the dew is deposited is warmer than the inner layer in contact with 
the ether. 

(iii) The presence of the ether vapour from n as well us the 
proximity of the observer may modify considerably the hygrometric 
state of the air around the bulb A. 



Fig. 84 
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When the ;iir is hot and dry it is difficult to obtain indications 
with this instrument. 

Regnault’s Hygrometer. — Rognault modified Darnell’s instru¬ 
ment in such a way as to avoid these sources of error. A glass 
tube I) (fig. 85), closed at the bottom by a very thin and highly 
polished silver cap, and at the top by a cork, contains the ether. 
Through the cork pass a thermometer T and a tube t open at both 
ends, which reaches to the bottom of the liquid. A, bent tube xtv con¬ 
nects the top of the tube D with an aspirator, by means of which air 
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drawn in through the tube t bubbles through the ether and passes 
ou 

tei 


ing a thermometer to indicate the temperature of the air, and of 
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dispensed with. The tuho containing the ether carrion a flat silver 
plate, while in the same plane, and nearly .surrounding if, hut with¬ 
out contact, is another plate. This enables the, comparison of the 

two surfaces to lHi more 


SECTION 



Fitf. 86 


readily made. 

Bines’ Hygrometer. 
This simple dew-point 
instrument is shown in 
fig. H(>. It is used in 
^ this way. In the reser¬ 
voir A is placed cold 
water, which on turning 
the tap B flows along the tube <• into a chamber n and out through 
a waste pipe. The chamber l> is closed at the top by a piece of 
polished black glass, in close contact with the under aide of which 

is the hull) of a thermometer. The cold 
water chills the glass plate, and when a film 
of dew begins to appear upon it the ther¬ 
mometer is read. The water is then par¬ 
tially or wholly turned of!’, and the thermo¬ 
meter is again read at the moment when the 
dew disappears. These two temperature 
readings will not differ by much if the action 
is not too rapid, and their mean is taken as 
the dew point. 

The Wet- and Bry bulb Hygrometer.— 

This instrument, owing to the great facility 
of its use, is commonly employed to deter¬ 
mine the dew point. It consists of two 
exactly similar thermometers, mounted ver¬ 
tically a short distance apart on a stand 
(fig. 87) in such a way that their bulbs 
are freely exposed to the air. One t-hor- 
* ammeter has its bulb covered with muslin, 
U which m kept moistened with water by 
means of a cotton wick that dips into 
water contained in a small vessel placed 
somewhat below and to one side of the 
thermometer. The water on this bulb m continually evaporating, 
and this thermometer indicates a lower temperature than the other, 
which simply registers the temperature of the air. When the air 
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is dry there is a considerable difference between the readings of 
the two thermometers, but when the air is nearly saturated with 
moisture the readings are nearly the same. Such instruments 
are accompanied by a set of tables which interpret the indica¬ 
tions. 

The theory of this instrument is as follows. It has been shown 
that water exposed to the air is continually evaporating, and that 
the rate of evaporation is related to the defect from saturation of the 
vapour present. 

Now since in evaporation heat is rendered latent and surround¬ 
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Then omitting all small corrections wo have very nearly 
(i) Mass of aqueous vapour entering the tube 




>) 


leaving 
d 


V" > 
l'"" 


Mass of water evaporated = p(;>o — p,) grammes. 


Heat absorbed 


/p(p.> — p t ) calories. 


(ii) Mass of air lowered in temperature from r { to r , 2 k= 1 grm, 
/. Heat given out = S(r i — r 2 ) calories. 

- 2 >i) ~ h ( t i ~ 

p., -p t = j^Tj - T.,)l\ 

or j», - p, - - t,)P. 

Since approximately at ordinary temperatures about IT C. 
L = 600, while S = *237 and d *6*2 we have 

^ = p, 2 - ’000637(r t - 

where p 2 is known from Itegnaulls tables; ami 1\ Tj, and r„ are 
observed. 

To take a numerical example, suppose that on a given day the 
dry bulb reads 20“ and the wot bulb 15 when the barometer stands 
at 750 mm. The pressure of saturated air at 15' is known from 
Ilegnault’s tables to be 12*7 mm., which is thus the value of p„. 

Then the actual pressure of the vapour in the atmosphere, i.o. 
Pi = 12*7 - (-000637 x 5 X 750) « 12*7 - 2*3H « 10-32 mm. 

Another reference to the tables shows that this pressure is suffi¬ 
cient to saturate the air at the temperature 11*8 , which is therefore 
the dew-point. 

On reference to the tables accompanying mtrh a hygrometer 
(p. 416) the value of p^ under these conditions is given as 11*7 mm., 
which would make the (low-point HMT, These tables have been 
drawn up by comparison with a Daniell'a hygrometer, and the results 
obtained by the formula above only approximately agrees with those 
of the tables. This is doubtless the fault of the formula, which is 
based on theoretical conditions that do not exactly represent the 
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real state of affairs, the assumptions above noted being only partially 
justified. 

131. EXAMPLES. 

1. Kind the mass of water vapour present in 1 c.dm. of air on a day when the 
barometer reads 760 mm., the dry-bulb thermometer 15° 0., and the wet-bulb 
10° C., given the following data from the tables:— 

Wet Bulb, 10"; Dry Bulb, 15“; Vapour Pressure, 6*1 mm. 


By Art. 107 the mass of 1 c.dm. of water vapour at 15° C. and 6*1 nmi. 
pressure 

— .no y 1-OO‘J y ^ y 

" 2 129 7(iO 2HK M 

~ -0061 gnu. 


2. 100 0 . ft. of air at HP 0. yield *14 oss. of water. What is the relative 
humidity of the air? The maximum pressure of aqueous vapour at 16° is *09 in. 
of mercury. Thu barometer may be taken as at standard pressure, i.e. 29*92 in. 
The mass of 100 e. ft. of air is 8*07 lb. at 0° and 29*92 in. pressure. 

Its moss at 15“ and under (29*92 - *09) in. pressure 

8*07 X 278 X 29*83 n . 

288 x 29*92 


* » 


the mass of 100 i\ ft. of water vapour at the pressure p 


8*07 X 273 x 29*83 
288 x 29*92 


X 


V 

29*83 


X *02 lb. 


and this equals *M o/„ 

V 

Tin? relative humidity 


*00875 lb.; 


*00875 X 288 x 29*92 
*02 x 273 X 8*07 


*055 

*09 


61 per cent. 


*055 in. 


3. The 1mlh of a thermometer is moistened by a solution of sulphuric acid of 
such strength that, tins thermometer reads the same as the dry-bulb instrument, 
viz. 15” O. If the hygrometric state of the air is *5 and the vapour pressure of 
water at 15“ O, is 12*7 turn., what is the vajamr pressure? of the solution at 15“ 0.1 

Since the thermometers road the same, no evaporation of the solution is pro¬ 
ceeding. Its vapour pressure is therefore in equilibrium with that of the atmo¬ 
sphere, viz. 12*7 X T> 0*35 mm. 

4. If the vajwmr pressure of water at 0° 0. is 4*0 mm., find the dew-point for 
air of humidity 40 per cent at 20” (1, assuming that the vajKiur pressure is doubled 
for each 10“ 0. rise in temperature. 

The saturation pressure at 20“ 0. is 4 X 4*6 * 18*4 mm.; 

40 

the actual pressure is ~ of 18*4 ■ 7*86 mm. 


To find the dew point, assume that the pressure-temperature curve of water 
vajmur is represented by the equation 

*/ a + 
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Then from data given— 

a ~~ 4 "6, 

9*2 4*6 ~f- 1 Ob -}- 100c, 

18*4 -- 4*0 + ‘20/; + 400c, 
whence b = *‘28 and c = *0*28. 

Hence 7*36 ^ 4*6 + + *0‘23E», 

which e<iuation given sc = 7. 

The dew-point in 7" O. 


QUESTIONS AND KXKRUISKS 


{The, Vapour Prenmres required are yiven in the table on p. 417.) 


1. What is the meaning of the term “humidity " or “ hygrometrie statu ” as 

applied to the atmosphere? Give a abort description of the instruments 
that are commonly employed for finding the state of the air with respect to 
moisture. 

2. Explain what is meant by the dew-point. How does the dew-point show the 

amount of vapour in the atmosphere ? 

3. Describe the method of using a dew-point hygrometer to determine the hygro- 

metric state of tins air in a room. 

4. Give the theory of the wet- and dry-bulb hygrometer. What are the merits 

and demerits of this as compared with other forms of hygrometers? 
f>. Eind the hygrometrie quality of air whose temperature is 18“, if the dew-point 
be 14“ and tbe height of the linromctor 735 mm. 

6. The dew-point being 1*2" 0., and the temperature of the air 17“ (t, find the 

hygrometrie state of the air. 

7. What is the relative humidity of the* air on a day when the temperature is 20" 

and the dew-point 11“? 

8. A stratnm of air averaging half a mile in thickness contains suflicient moisture 

to saturate it at 10“ 0. Tf the temperature sink to 14", find how much water 
will fall on a squares miles of earth. 

9. The relative humidity of air at 17" <4. is 80 per cent; find the riow*point. 

10. On a certain day the tesmperature of the air is *20’ (l, flits dew-point 10" 0., 
and the height of the barometer 752 mm. Kind the mass of a litre of the 
moist air. 


11. The dew-point on a certain day Iming found to lie 12' (5. and the temperature 
of the air being 16*5“ O., find its humidity, having given that the maximum 
pressure of aqueous vajwmr at 1*2“ 0. is tspiivalent to 1*046 cm. of mercury, 
while that at 16" is 1*364 cm, and that at 17" is 1*442 cm. 
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lagging of asbestos is placed round the platinum strip. The whole 
is enclosed in a suitable case. Access is left to the porcelain cylinder 
at each end, and the ends may be blocked up by a plug of asbestos 
if desired. The temperature insido tho porcelain cylinder may easily 

bo raised to 1400" C., and this 
"" temperature may he read by a 

platinum resistance thermometer 
inserted in one end, or a radia¬ 
tion pyrometer may he focused 
1 on an open end. (See Chap. 
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produced in the wire was measured by the rise of temperature of 
the water. Three sets of experiments wore made: — 

(i) By passing the same current through the same mass of water 
on different occasions for different periods of time, it was proved 
that the heat produced is proportional to the time the current flows. 

(ii) Altering the resistance of the circuit by means of the coils A, 
Joule changed the value of the current passing through the spiral r 


in K is proportional to the square of the strength of the current. 

(iii) By placing in series in the same circuit several spirals such 

it 

to 


irs were 


No other circumstances wore found to affect the result, and Joule 
therefore concluded that if 0 represent the value of the current 


R, therefore 

II = C hi = Or x 0/ =, QK, 

be compared with that of Art. 132. 

bion is expressed for absolute units. 

nits, if II sri the heat developed measured in 


Ji'iCttmplf' A current of *25 ampere is {mihikxI for 5 rmnuten through a wire 
whoso resistance k 2 ohms. Find the number of calories dimi{wtted by the wire 

h » mu X *24 

*01125 X 2 X 200 X *24 
sa 9 calorie*. 
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currents are produced in the metal, and these currents produce heat 
The mass of metal thus moved rises in temperature. The currents 
that arc produced are transient, lasting only as long as the motion 
lasts, and their strength also changes very rapidly. But whether 
the current is transient or continuous, the quantity of heat produced 
is that given by the above law. 


134 . VARIATION OF ELECTRIC RESISTANCE WITH 
TEMPERATURE.—If when a steady current is passing round the 


circuit (fig. 91) the calorimeter and wire H be raised in temperature, 
the current indicated by the. galvanometer is found to diminish. 
If the electromotive force of the battery has remained constant, the 


effect must be due to an increase in the resistance of the wire R 


owing to its increased temperature. A change of electrical resistance 
with temperature is found in most substances. 

(i) Metals. ~The electrical resistance of metallic conductors is 
greater at high than at low temperatures. All the more common 
metallic elements, except the magnetic metals, have a resistivity 
at 100° C. about 40 per cent greater than at 0” 0, 

The following table is taken from a paper by Fleming (Proa 
Roy. Inst.):— 

Rlkctkical Rkhisti vrrv* 


Metal. 

in*si«(lvlty i 

iu 1‘nlts' 

rermitnge 

IncrciiHo, 


at o r. 

O' <\ to loo ( 

Bilver 

1108 j 

40*0 

Copper 

lf.01 1 

42*8 

Gold 

2197 

27*7 

Iron 

9005 

02*5 

Platinum. 

10917 

20*7 

Mercury. 

94070 1 

28*9 

German silver ... 

29982 

«£ / 1) 

Platinoid... 

41721 

:h 

Platinum* iridium 

20890 

8*2 

Manganin 

4 <9178 

6 

0*0 


This table illustrates the great difference between elements and 
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of resistivity in all cases diminished as the temperature was lowered, 
and the curves which represent the variation of resistivity with 
temperature indicate that at about — 250° C. the electrical resistance 
offered by a wire of most pure metals would be zero. Alloys show 
no approximation to this condition. 

Eor several metals, e.g. copper, silver, and German silver, the 
resistances r r at r" C. and r 0 at 0 U (J. are connected by the linear 
law, 

9^ o (1 “f** (( r ), 


with fair accuracy for values of r not greatly different from ordinary 
temperatures. 

In no case, how even*, is this linear law exact, and in some cases, 
o.g. iron, it is decidedly inexact, so that it is generally necessary 
to use the formula 

r T = r 0 (1 + ar + In 2 ), 


The constants a and b are determined by measuring the resistance 
of the material accurately at O 4 0. and at other temperatures not 
close to 0" 0,, placing in the formula the values of r 7 thus obtained, 
and solving the equations thus given for a and Ik When these 
constants are known for a given wire, the temperature of any 
enclosure in which the wire is placed may be found by measuring 
its resistance in the enclosure and placing the value for r T thus 
obtained in the above formula. Oallendar has made a special study 
of platinum, and has developed a system of measuring temperature 
in this way (Chap. XVII). 

(ii) Electrolytes and Bad Conductors,— -Substances, o.g. water, 
in which the passage of the electric current is accompanied by their 
chemical decomposition are called electrolytes, and in such substances 
the electrical resistance is diminished by rise of temperature. The 



duct electricity very well, whereas whan cold it is one of the worst 
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ductivities was the same as the table showing the order of their 
relative electrical conductivities. Wiedemann and Franz went 
further, and said that there was a definite simple ratio between 
the two conductivities. 

The results of experiments published by F. Weber in 1880 wore 
not favourable to any such simple relation, and Weber suggested 
that the apparent proportionality observed bj' Wiedemann and 
Franz was due to the fact that the metals they experimented on, 
viz. copper, iron, and brass, have nearly the same specific heat of 
unit volume—a quantity which plays an important jrnrt in such 
investigations. Later experiments by KirehhofT and by Lorenz, 
however, appear to confirm Wiedemann’s conclusion that the ratio 

conductivity of a metal for heat , ., , 

-—,—r i . . - , .... uuk the same value m 

conductivity of the same metal for electricity 

different metals. The following table illustrates the supposed con¬ 
nection :— 


Relative thermal conductivities 

(Neumann) .. 

.Relative electrical conductivities 
(Matthicamm).. 


CoriK'r. , 


Iron. 

1 

$ 

1108 | 

I 

:io? 

Itl4 

1108 

;rj2 

187 

. Let 

two 

wires 


Uermim 

Silver. 


different metals, a and B (fig. 92), preferably antimony and bis- 
/sfy ninth, be fastened together at one end, 

and have the other ends ai connected by 
f \ copper wires to the terminals of a delicate 

C \ I / ) galvanometer a If the junction be now 



point the higher the temperature of the junction the stronger the 
current. If, however, the temperature be raised above a certain 
point the current begins to decrease. 

If the ends cd be warmed simultaneously and equally with the 
junction no deflection takes place. If ice be applied to the junction 
while the temperature of c and d remain® that of the atmosphere, 
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the direction of the current is reversed. The wires connecting the 
points al play no part in the production of the current, the effect 
being the same as though c and d were in contact. Thus in a circuit 
composed of two different metals, if one junction be hotter than the 
other an electromotive force is brought into existence at the junction, 
and an electric current is produced in the circuit. Such currents 
are called thermo-electric currents, because they are produced and 
maintained by heat. Any pair of metals similarly treated give 
a similar effect in greater or less degree. Hence wo may have 
thermo-electric “ couples ” of various metals, and by forming 
couples with some one metal and each of the other metals in turn 
Recquerel formed a thermo-electric series, showing the relative 
electromotive forces set up with a given difference of temperature 
between various metals. The term thermo-electric force is used to 
denote the electromotive force set up in this way. 

Variation of Thermo-electric Force with Temperature. —The 









180 


which a standard cell is used to establish a known difference of 
potential between two points on the bridge wire. 

As the temperature of the warm bath is gradually raised the 
thermo-electric force at first increases; at a certain temperature 
called the neutral point of the two metals it reaches a maximum 
value, and then commences to decrease. The neutral point for 
a copper-iron couple is about 270". If the heating be sufficiently 
continued, the thermo-electric force falls steadily to zero, and then 
changes sign, the current produced under these circumstances being 
in the opposite direction to that produced at first. This last pho 
nomenon is known as thermo-electric inversion, and takes place 
when the mean of the temperatures of the junctions is the neutral 
point. 

According to Tait the thermo-electric force of two metals is con¬ 
nected with the temperatures of the junctions between 0" 0, and 
600° 0. as in the following formula:-- 

E = Mk-0.,} {fl„ - t " ;l } 

where 6 0 6 X 9 2 are the absolute temperatures respectively of the 
neutral point, the hot junction and the eold junction, and M is a 
constant peculiar to each pair of metals. 

To give a practical idea of thermo-electric force (i.e. the electromotive force of 
a thermo-electric couple) we may remark that with a copper-iron couple having 
one junction at 0" O. and the other at 100 (J. the' thermo electric force ia alwut 
¥ | 0 of the K.M.K. of a Darnell’* cell, and with a bismuth-antimony couple under 
the same conditions about seven time# that value. 


It is manifest that when once the values of R M. and On have 
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Fleming continued the investigation for temperatures between 
j 00 ° C. and — 200 ° C., and his lines of thermo-electric power for 
the metals iron, zinc, copper, and platinum, with reference to lead, 


Temp: -200* 



- 100 " 


+ioo C 


are shown in fig. 95. It will be observed 
that at the lower temperatures some of 
the lines are not straight. He found 
that there was a general tendency for 
the lines to curve in such a manner as to 
indicate that the thermo electric power would probably become zero 
at or near the absolute zero of temperature. 

136 . THE THERMOPILE.—If several thermo-electric couples 
be joined together in series, as indicated in fig. 96, the total thermo¬ 
electric force is correspondingly 
multiplied. 

If the terminals pq be joined 
by a wire, and one set of junctions 
warmed, a current flows round the 
circuit. Such an arrangement can 
be made to take any convenient 
shape, and in the thermopile (fig. 

97) the bars art) packed in layers 

of the form shown, the whole forming a cube with the junctions 




crature 
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ing to the direction of the current, A eurnnii 
patming from a rod of antimony to a rod o; 
bismuth boats tlm jtmrtion of the metals; i: 
the current pass in the opposite direction th< 
junction i« cooled, The direction of the e.umm 
which produces the cooling in that of the thermo 





















When a feeble current was passed from B to A, or from b' to a', 
the air in the corresponding bulb contracted. When the current 
was passed in the opposite direction the air expanded. 

When A was joined to a', b to one pole of a battery, and b' to the 
other, so that the current passed round the circuit baa'b', the air in 
0 contracted, while that in o' expanded, the effect obtained being 
the sum of the previous separate effects. 

be Roux placed the two pairs ab and a'b' in water contained in 
separate calorimeters, and by employing delicate thermometers was 
able to measure the heat evolved or absorbed in the process; and it 
was found that the heating or cooling effect is proportional to the 
strength of the current. 

138 . THOMSON KFKHOT.—Sir William Thomson in 184G dis¬ 
covered another most interesting fact as to the relations of heat to 
the electric current. If a 

wire be made hotter at a — rg. 

point A than at a neigh- ^ -—aL.— J3> 

boaring point u, and an —J— 

electric current then passed c | XXX |[e 

along it, the position of H Ea 0 

maximum temperature will i%, do 

be carried from a either 

towards it or from B according to the direction of the current. When 
an electric current passes from hotter to colder or from colder to 
hotter parts of the same wire it carries heat or cold with it. The 
phenomenon has thence been called the electric convection of heat. 
The effect, is opposite in copper to that which shows itself in iron. 

One of the forms of Sir William Thomson’s apparatus is shown 
in fig. 99. cad was a tube of thin sheet iron containing at the centre 
of its length an air thermometer A and similar thermometers n and 
b' on each side of A. (-old water circulating through a system of 
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QUESTIONS 

3. Wlnt is Joule’s law of the lieat produced in an electric circuit, and how is it 

proved ? 

2 . Two wires whose resistances arc in the ratio of *2 to 2 have currents passing 
through thorn whoso strengths arc in the ratio of >\ to 1*8#* Compare the 
quantities of heat produced per second in the wires. 

8. JDoscri.be the l’oltior effect and the Thomson effect. 


0IIA1TKR XIV 

CONDUCTIVITY 

139 . TRANSMISSION OS HEAT AND TEMPERATURE, 

_A gonoral idea as to the conducting power of substances may bo 

obtained by touching thorn, at ordinary temperatures, with the warm 

hand. If they chill 
the hand rapidly, as is 
th 0 east' with metals, 
they are good r<induc¬ 
tors; if they do not, 
hh in the ease with 
wool, silk, felt, and 
.similar mate,rials, they 
Kig. um) are had conductors. 

A useful apparatus 

for a preliminary study of conductive power is that of Ingenhausz, 
shown in fig, 100. Several rods of d Hie rent metals, hut of the 
same size and with the state of their surfaces as nearly as may ho 
in the same condition of polish, have, each one end fixed in exactly 
the same manner through the side of a trough. The portions out¬ 
side the trough are thinly coated with wax, and the trough is 
then filled with some hot liquid, such as oil or water, whoso tem¬ 
perature is maintained constant. The heat in conducted along the 
rods and melts the wax. 

In the early or variable stage of the experiment, while the melt¬ 
ing is advancing along the reals, the rate* at which the melting pro¬ 
ceeds is unequal. It is faster, ha* instance, along a rod of bismuth 
than along a rod of iron. When the melting ceases to advance along 
the rods and the permanent stage is readied, the lengths along which 
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tho wax is finally molted arc also different for different rods, being 
greater, for instance, with iron than with bismuth. 

The rates of melting of the wax must thus be carefully distin¬ 
guished from the lengths finally melted. During the variable stage 
of the experiment a “ wave of temperature ” is passing along each 
bar. 

The wax melts whim its temperature is raised to its melting- 
point, so that the course of the melting of the wax marks the pro¬ 
pagation of this wave of temperature. During this process the heat 
is changing the thermal condition of the bar; it is raising the tem¬ 
perature of the successive layers as it reaches them, and the greater 
the quantity of heat that is required to effect this change, the longer 
time, if no other cause affect the result, does the process occupy, and 
the slower is the rate of propagation of the wave. For instance, it 
requires seven timem as much heat to warm the first cubic centimetre 
of an aluminium rod as it does to warm equally the corresponding 
part of an iron rod, so that unless the heat were passed on from 
layer to layer of the aluminium rod seven times as fast as along tho 
iron rod, the wave would proceed more rapidly along the iron rod. 

The process going on in tho bar during this stage is called the 
diffusion of heat or thermometrio conduction. It is evident that 
the rate of propagation of the wave is affected by the thermal 
capacity of the substance. 

After this variable stage has been passed a permanent stage is 
reached, in whieh the heat flows through the substance of the rod 
without altering the temperatures of the various parts and is steadily 
dissipated from the surface of the bar. The heat then effects no 
change in the thermal condition of the substance; the only process 
going on is that of the transference of heat from layer to layer of 
the bar. Huh process is conduction of heat, and the conductivities 
of the rods can be shown to be proportional to the squares of 

*■ yn W 

the lengths along which the wax has been melted. The method 
forms a convenient means of comparing the conductivities of metals. 

x 4 o. CONDUCTIVITY AND DIFFUfcJIVITY.-.Conductivity 

is the numerical measure of conduction. 

This subject has been investigated mathematically by Fourier. 
Fourier's theory supposes that heat passes from one molecule to 
another by radiation just m it does between two larger masses. 
A hotter molecule radiates heat to a colder one, the quantity thus 
communicated deereiuting rapidly as the distance between the mole¬ 
cules increases, being proportional to the difference of temperature 
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between them, which is always small, and independent of the abso¬ 
lute temperature of the molecules. Although the third condition 
is not based on experimental evidence, the results of Fourier's theory 
correspond well with experience. 

An important case is that in which heat is propagated through 
an indefinitely large mass of solid. 

Imagine a largo cube of conducting material, of which one face 
G is kept hot and the opposite face w cold (fig. 101). Consider a 

small area (' in the middle of the block, having 
its faces parallel to <;, it. The llow of heat 
through the lamina <: is perpendicular to its 
faces, and there is no loss from the edges of the 
lamina, because those edges are, at the same tem¬ 
perature as the remainder of the solid in the 
same plane. Then Fourier's theory shows that 
the quantity of heat 11 that passes through the 
lamina o is directly proportional to 

(\) the area A of the lamina. 

(ii) the difference of temperature — r, 2 existing between the 
opposite faces. 

(hi) the time t 

(iv) the conductivity k of the material of the plate; 

and inversely proportional to 

(v) the thickness l of the lamina. 

Thus II = *A T « 7 r V, 

l 

If A and l are each made equal to unity the lamina becomes a 
cube. If, further, the difference of temperatures r x — r tt be one 
degree and the time t one second, then H ^ k\ which gives the 
following definition: The conductivity of a substance is measured by ike 
quantity of heat that flows in unit time thrtmyh unit amt of a plate of 
that substance whose thickness is unity , when the difference of temperature 
between the faces is also unity . 

The term calorimetric conductivity m sometimes employed for 
conductivity in order to distinguish it from thermometrie conduc¬ 
tivity or diffusivity. 

Biffnsivity is the numerical measure of diffusion, i.e. the rate of 
diffusion of heat through a substance. The mathematical treatment 
of the subject, which cannot Ihi given here, shows that when a solid 
is brought into contact with a source of heat, the heat diffuses 



Ifig. 101 
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through its mass according to a law whose expression involves 
the conductivity of the substance, and, as indicated above, a factor 
involving the thermal capacity. The two processes of diffusion 
and conduction of heat are closely related. The difference between 
them is due to the fact that different substances have different 
thermal capacities. If all bodies had the same thermal capacity the 
relative rates of propagation of a wave of temperature through them 
would measure their relative conductivities. 

The rate of diffusion of temperature is slower for a body of 
higher thermal capacity and faster for a body of lower thermal 
capacity. If two substances are of equal conductivity their dif- 
fusivitios are inversely proportional to their thermal capacities. 

It is usual in experiments on conductivity to compare equal vol¬ 
umes rather than equal masses of different substances. If, then, 
c be the thermal capacity per unit volume (specific heat x density) 
and k the conductivity as above defined, 

Diffunivity = * - . _ 

a thermal capacity of unit volume 

141 . DETERMINATION OF CONDUCTIVITY.— Olemont 
m his experiments to determine the value of the conductivity em¬ 
ployed a sheet of copper, 1 sq m. in area and 2*0 mm. thick, placing 
one face in contact with steam at 100" C. and the other in contact 
with cold water at about 28° 0. Then II the quantity of heat that 
passed through the plate in a given time i was known from the 
rise of temperature of the cold water, and the formula gave— 

II = k X 10000 X 
whence k was determined. 

The value obtained for the conductivity was only about of 
that now known to be correct. The failure of the experiment was 
due to the fact that the temperatures of the two faces of the plate 
were very different from the temperatures of the steam and cold 
water with which they were apparently in contact. 

Peelet repeated these experiments, lessening the differences of 
temperature between the fac.es, and stirring the water very vigor¬ 
ously. He obtained for copper a value thirty times as great as that 
of Clement, hut his results for good conductors are, nevertheless, 
useless from the cause indicated above. 

By employing plates of different thickness, and exposing their 
faces to different temperatures, he, however, established expenmen- 



tally the law embodied in Fourier’s formula that the flow of heat 
across a plate varies directly as the difference of temperature between 
the faces and inversely as the thickness of the pinto. 

The difficulty experienced by Clement exists to a marked degree 
in boilers. A boiler plate is exposed to hot gases on one side and 
to comparatively cold water on the other. Recent investigations 
show that there adheres to the one side a thin film of hot gas 
probably about 4 \ in. thick, and to the other side a film of water of 
about the same order of thickness. The resistance of the gaseous 
layer to the conduction of heat is very groat, forming, according to 
Hudson’s experiments, about 1)7 per cent of the whole resistance to 
the passage of the heat. Its removal may be partially effected by 
causing the hot gases to move over the plate at a high velocity, a 
remedy which modern practice is adopting. The film also becomes 
thinner when the temperature of the gases is very high. The exist¬ 
ence of this film may be demonstrated by boiling water in a paper 
vessel hold over a flame. As the paper, though a bad conductor, 
remains unlmrnod, it is clear that its temperature remains compara¬ 
tively low. Inspection shows that the flame does not come into con¬ 
tact with the vessel. 

142. Where slabs of some thickness are available the following 
method avoids the difficulty. Aim (fig. 102) represents the slab of 
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thus each surrounded with material at the same temperature as 
itself, there is no loss of heat from the sides, and the lines of flow of 
heat through the central portion of the slab kfoh are straight. And 
the temperatures being taken at the points N and p within the slab, 
there is no surface film to consider. The mass of steam condensed 
in J and the mass of ice melted in K arc ascertained by the mass of 
water drawn oil through the taps Q and R, and this gives the quan¬ 
tity of heat transmitted through the cylinder man whose dimensions 
are known. The temperature gradient is known from the indications 
of the embedded thermometers. Thus all the quantities of the 
equation of Art. 140 are known except k. By tin's method, usually 
known as the gmird-riiuj method , Bergot has obtained the following 
values of b for copper 1*04, iron T59, brass ’26 in 0.(4. 8 . units. 


143 . MKAN AND TRUE COEFFICIENTS OF CONDUC¬ 
TIVITY. ■ In such measurements as those indicated above, it is clear 
that the eoeflieiont k obtained is a mean value between the tempera¬ 
ture limits employed. If k changes with the temperature, it has a 
separate ‘‘true” value for each temperature. It is therefore necessary 
to distinguish between the mean and true values of b. The true con¬ 
ductivity at r" is the value obtained for k from the expression h = 
\U/At(r l — 7\j) when and r tJ arc indefinitely near to r u . If l and t 
be also indefinitely small the expression of Art. 140 becomes in the 

notation of the calculus II = kA dt ; is called the temperature 

ttv (tt(/ 


gradient. 


FORRES’S EXPERIMENTS.—Among the earliest mea- 


Vho principle of which we now attempt to explain. 

Consider a bar mi (%, 1 OH) having one end A maintained at a steady tempera¬ 
ture, suppose 10" tf, and the other end b at 0 U 0., the temperature of the sur¬ 
rounding air being also 0” O. Imagine a 

groove filled with mereury to exist along the Jr* . . .-.-.— rA --7 

upper surface of the bar, and ten thermo- .......Lj..^ 

met era to be placed therein in rnieh positions Hot Cold 

that they read Huceewmvely 10", 9®, 8°, &c., Wg. 108 

to 0" ()., each thermometer being very nearly 

at the centre of a certain length, whose mean tenq>omturu it indicate*. Heat 
in pouring into the bar at a, and wince the bar gets no hotter or cooler thin 
heat iw all dissipated at the surface of the l«vr. Fix the attention cm a lamina 0. 
It is clear that lew heat is passing through 0 than entered at a, because some 
has Iwasn diswinated at the surface between a and c. The ouantitv of heat 
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o and B reading respectively 4°, 3°, 2°, and V’, the length of their sections being 
respectively a, b, e, d. Then if h he the (piantity of heat dissipated per second 
from unit length of a bar at 4° when placed in an enclosure at ()’, the heat dissi¬ 
pated per second in this section is «/q units. Similarly, if h% he the quantity of 
heat dissipated per second from unit length of a bar at 3", then the heat dissipated 
per second from this section is bln units, and so on. Thus the total heat that 
passes through ci would he 

ah\ Hr bh'x *h ( dh T d/q. 

The quantities as, h % c, d are (easily measured. Th«‘ quantities /q, /< 2 , &e., are ascer¬ 
tained by a separate experiment thus: Let tin* bar lie heated to 10" and allowed 
to cool in an enclosure at 0°, its temperature being olwerved, say, every second 
during the whole time of its cooling. The fall of temperature, muss of unit length, 
and specific heat of the bar being known, we can enleulate tin* quantity of heat 
that leaves unit length of the bar in one second during each stage of the cooling 
process. Suppose it is found that ouch unit of length when at 4 U parts with /q 
units of heat per second, at 3" it parts with /i a units per second, and so on down 
to 0°. Since this small bar in cooling passes successively through all the tempera¬ 
tures at which the different portions of the long hat* were maintained in the first 
experiment, the quantities of heat thus calculated are the same as the quantities 
of heat /q, A a , &c. T that left the long bar per second at the same temperatures in 
the first experiment. Tin* sum of the terms u/q, hh i% &e M ran now be obtained, 
and It the whole quantity of heat passing through the layer e is known. 

The (piantity Tl ^ r<i may lx* obtained by placing thermometers exactly at the 

boundary planes of the layer e, noting tin* temperatures and r* and measuring 
the thickness L 

If such a set of readings he taken for positions all along the bar, the data are 
obtained for a number of values of /*, viz.: One for every section of the bar, and 
as these sections art* at different temperatures, the experiments Nerve to decide the 
further question whether the conductivity varies with the temperature. 

The experiment was not of course carried out as aliovr deserds’d. The descrip¬ 
tion is merely intended as an attempt to make* the method understood without the 
aid of mathematics. 

Forbes experimented on two iron burn, of which the prinripal 
one was 8 ft. long and 1| in. Hquaro. In one net of experiments the 
bar had a semi polished surface, while in another net it wan pasted 
over with thin paper. His apparatus is shown in fig. 104. One end 
of the bar AB was about at the temperature of the air. The other 
end was maintained at a high temperature by means of a eastdron. 
cup containing molted lead or solder kept fluid by moans of a gas 




the bar were carefully screened from radiation proceeding from the 
source of heat. 

The two quantities to he determined are II, the whole flow of 

*J" —i-r.-r 

heat, and 1 The latter quantity, when the layer is very 


From the readings of the ten thermometers Forbes drew a tern 
poraturo curve ahe, . 

(fig. 104), in which 
the abscissa* were the 

distances from the • ] 

hot end, and the | "]jf|| [‘“v.. ^ 

ordinates the excess 1 1 II "“T" t- •■IL...IL. c 

f 
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bar which was between those limits of temperature became known. 
The quantity II may also Ik*, obtained thus: Take as abscissae l v l 2) 
&c., different lengths along the experimental bar. The excess of 
temperature r at each of these points is known from the curve of 
temperatures; these excesses of temperature art*, tin*, ordinates of 

certain points on the second curve, and the tangents at the 

points thus formed give the rate at which heat is leaving the bar 
at those points. 

With Z J5 l 21 &c., as ordinates, and tin* corresponding values of 

thus obtained, construct a curve. Emm the area of this curve, 

at 

which is very nearly a logarithmic curve, we obtain the total escape 
of heat from the bar or from any part, of it. The loss per unit of 
time on the cooler side of any given layer is represented by the area 

beyond the corresponding ordinate to the point whore ^ is zero. 

We give the readings obtained by Eorbes for two points on the 
bar, and the final reduced values of L 


Actual 
Temperature 
in ir. 

Bxeewt above 
Temperature 

of Air. 

Value# of 
dr 

dV 

) Klux (U) 

1 twrehpomfluis 

! , d r 

1 dt s 

t» . dt 

dt' 

k In C (1,8. 
Unit*. 

2f> 

12 

11 

| if. ‘ 

•OHM 

■1H 

50 

37 

40 

! •*.'* 

| *• * 

1 1 

'OHIO 

| 

•17 


The numbers in the fifth column are proportionate to the con¬ 
ductivity at the temperatures given. To reduce them to absolute 
values they must be multiplied by the values of the specific gravity 
and the specific heat of the substance of the bar. 'I'he further reduc¬ 
tion to C.G.H. units gives the values shown in column six. 


145 . EXPERIMENTS OF WIEDEMANN AND FRANZ. 


The arrangements used in these experiments are indirated in fig. 105. 
The experimental bar aa', which was half a metre long, thin, and 
coated with silver, was placed in a glass cylinder <\ one end A pro¬ 
jecting into a chamber K through which steam was kept circulating, 
while the other end was supported on a projection from the metal 
plate i) which formed the end of the cylinder. The temperature of 
different portions of the Dir was ascertained by means of a thermo¬ 
electric couple n (Art, 195) which clapped the bar ami which could 
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bo moved into any required position by means of the glass rod f. 
This method of obtaining the temperatures is preferable to the use oi 
mercury thermometers, as the mercury is liable to move with sudden 
jerks; but the rods employed in these experiments were short, and 
the range of temperature was not great, the effect of electroplating 
the rods being to cheek the radiation to a vory great extent. The 
results showed that the temperature of the experimental bar at 
equidistant points on its length, beginning from the heated end, 
exceeded the temperature of the enclosure by amounts forming 
a decreasing geometric progression. This result is in accord with 
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difference in the limits of temperature within which the determina- 
tions were made. 

146. DIFFUSIVITY: UNDERGROUND TEMPERATURES. 

—-The method of Angstrom was applied by Ford Kelvin and Forbes 
to the rocks that constitute the earth s crust by observations on 
thermometers immersed to different depths. Waves of temperature 
are started downward by the summer heating and winter cooling of 
the surface, and the period of such waves is of eourse a year. The 
waves appear to die away at a depth of about. f>() ft., but there is 
considerable variation in the numerical results obtained, owing to the 
differences between the heating and cooling in different seasons and 
the different character of the material near the surface. Below this 
depth the mean temperatures increase with the depth, the rate of 
increase being on an average I" (-. for every 110 ft. 

Some recent observations in a deep boring in Virginia showed 
a rate of rise of temperature increasing with the depth from 1“ C. 
every 1G0 ft. near the surface to V l\ every 110 ft. at a depth of 
about 4000 ft. 


This gradual rise of tempo rat tire with gradually increasing depth 
shows that there is a flow of heat from the interior to the surface; 
and on the data available as to the rate of this flow, Lord Kelvin 
calculated that it could not be more than alsmt *200 million years 
since the earth was in a molten state. Hut. the recent discovery of 
the production of heat by radium and the disintegration of radio¬ 
active substances is loading to a modification of these figures, for 
radioactive substances have been found to be widely diffused in 
sensible quantities in the earth among the older rooks, ami the pro¬ 
duction of heat from this source is so considerable iw to point to the 
conclusion that the earth has been in much the same state as now 
for several hundred million years, 

147. Variation of Conductivity of Metals with Temperature.— 
Forbes concluded from his experiments that the thermal conductivity 
of motak decreases with rise of temjieruture, but Tail has shown 
that this conclusion, which depended on the assumption that the 
specific heat is constant, is not justifiable. Angstrom and Thalen 
investigated the matter, hut the results as yet attained are some¬ 
what contradictory. It appears, however, that the simple propor¬ 
tionality that was formerly Hupponod to exist in this resjntct between 
electrical and thermal conductivity is not established, (See Art, 134.) 

148. METHODS FOE BAD CONDUCTORS. The methods 
described above are inapplicable to laid conductors, tmciiuse with 

W A 9 
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such substances the heat lost by radiation and convection is very 
large as compared with that conducted through the mass. Poclefc’s 
method has been described above. It is fairly good for bad con¬ 
ductors, but the loss of heat from the edges is a defect. Ayrton 
and Perry, therefore, following out a hint of Lord Kelvin, heated 
a sphere of porphyritie trachyte (building stone) in a bath main¬ 
tained for a long period at a constant temperature, and then cooled 
it by immersing it in a rapid stream of cold water. The outside 
being thus at a constant lower temperature, the rate of fall of 
temperature at the centre of the ball was observed in this way. 
At the centre of the sphere was a small cavity containing mercury, 
into which dipped a copper-iron thermo-electric junction attached 
to two very (inti loading wires that were cemented into the stone. 
The other copper-iron junction was immersed in a bath the tempera¬ 
ture of which was continually adjusted, so that a galvanometer in 
the circuit indicated as nearly as possible no current, under which 
circumstances a thermometer immersed in the hath gave the tem¬ 
perature of the centre of the sphere. In Fourier’s work on conduc¬ 
tion an equation is obtained for the temperature of a point at x 
centimetres from the centre of a homogeneous globe, and by subr 
stitution in this of the numerical quantities observed the value 
’0059 was obtained for k. 

A modification of Forbes’s method has boon employed by Lees. 
He took two metal bars of the same material and diameter and 
placed them in a line, with a disk of the badly conducting substance, 
also of the same diameter, between their adjacent ends. One end of 
one bar was then heated, and by means of thermo-electric couples 
the distribution of temperature along the two bars was observed 
with the disk first in and then out. The ends of the bars were 
amalgamated with mercury to ensure go<xi contact. The conduc¬ 
tivity was calculated by Forbes’s formula. Disks of various thick¬ 
ness were employed. The values obtained for the conductivity 
were— 

Crown gltixs, *0024. 

Itmsk salt, *014. 

Hhisllttc, *0006. 

Quart/, along the axis, *03; pGrptmclu'ulnr to axis, *016. 

Teolawl sear along tho axis, *01 ; jwiqM'nditmlar to axis, *0084. 

In another series of experiments by Lees a pile of small disks 
(fig, 100) wan made, a, b, and a being of copper, i the substance to 

be experimented on, and i> a flat coil of wire through which a current 
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of electricity was passed, and in which therefore, heat was generated 
at a known rate. When the steady slate was reached this heat was 
dissipated from the surfaces of the pile. 

The temperatures of A, B, and c were read by means of thermo¬ 
couples inserted into their edges. The whole pile was varnished so 
that its emissivity was the same throughout. 

The total heat supplied 
~ ~ ^ ~ ^ was calculated from the 

^ .„....’H'*"’"' cummt in tho e.oil and its 

—■ . D resistance (Art. 133), and 

B an all this heat was emitted 

. E fr<>in tlu ' surf!u '" <>f thopiio, 
the rate', at which heat was 

_3— leaving the surfaces of each 

Kig. km of the plates was known. 

Thus tho quantities of heat 
flowing into tho top of K and out at the bottom of k were known, 
and tho moan of these quantities was taken as the quantity H in 
the formula of Art. 140. 

Tho variation in the conductivity in different directions pos¬ 
sessed hy icolotropic substances such an crystals was demonstrated 
by do Senarmont by an arrangement illustrated in fig. 107, where 


direction in which it was cut with reference to the crystallographic 
axes. The area was circular in isotropic substances and therefore in 
cubic crystals, and also in crystals of other forms when tho material 
was optically symmetrical with regard to the normal to the lamina. 
In other cases th© area was an ellipse or some form of oval. If heat bo 
supplied to a point in a crystal, the isothermic surfaces enclosing the 
point are ellipsoids whose axes coincide with the axes of the crystal. 







149 - CONDUCTIVITY ON LIQUIDS.—All liquids, except 
metals, are bad conductors of heat. Water may easily be boiled 
at the top of a tube while the bottom contains a mass of ice. It is 
not easy to eliminate convection currents in experiments on the 
conductivity of fluids. This fact, together with the difficulties 
introduced by the containing vessel and the smallness of the effect 
to be observed, make many of the results so far attained of doubtful 
value. We proceed to indicate the methods that have been adopted. 

Despretz filled with water a tall wooden cylinder A (fig. 108), and 
arranged a number of thermometers horizontally with their bulbs on 
the axis of the cylinder and their a 

stems outside. Kitting into the 
top of A was a copper cylinder n, 
which was kept full of hot water 
that entered by a tube <J and left 
by a tube i>. The apparatus was 
allowed to stand for about thirty- 
hours in order that the station¬ 
ary condition might be attained, 
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3ing given by the thermo-eoupl 
B and a. Hence the conductivity of the liquid could be calculated. 

The values recently obtained for the conductivity of water range 
from *00131 to *00143, glycerine *00066 to *00068, mothyl-alcohol 
•00048 to *00049, and mercury *0197 to *0201. 

150 . CONDUCTIVITY OF CASKS.—The experimental diffi¬ 
culties in these investigations are great, owing to the effects of con¬ 
vection currents and of radiation. The method generally adopted is 
to observe the rate of cooling of some hot body placed within the gas. 

Kundt and Warburg observed the rate of cooling of a ther¬ 
mometer of approximately known heat capacity in an enclosure of 
which the outer walls were kept at 0 " C. They found that when 
the gas in the enclosure was at any pressure less than 150 mm. of 
mercury the thermometer always cooled at the same rate, and they 
concluded that at such low pressures the effects of convection cur¬ 
rents wore negligibly small. Moreover, theoretical considerations 
indicate that the conductivity itself of a gas, within limits, does 

and therefore the conductivity 
fairly he measured at low pressures. They then proceeded to ob¬ 
serve the rate of cooling of the thermometer when the enclosure 
containing it was as perfect a vacuum as could be obtained (under 
which circumstances it cooled mainly by radiation); and then admit¬ 
ting gas into the enclosure at low pressure, the rate of cooling was 
again observed. The difference between these observations gave 
the quantity of heat conducted from the thermometer to the walls 


of Art. 140. 

They made observations with various gases and at various (low) 







151 . EXAMPLES. 

1. Tf the conductivity of sandstone bo *0027 units, and if the under- 

ground temperature in a sandstone district increases 1' <!. for 27 m. descent, cal¬ 
culate the heat lost per hour by a square kilometre of the earth's surface in that 
district. 

Conductivity of sandstone - *0027 O.G.S. unit. This means that if we have 
a cubic centimetre of sandstone with its opposite faces differing by 1" then 
*0027 calorie pass through it per second. 

/. through 1 sq. m. of area, 1 cm. thick, 10000 x *0027 calories pass per second. 


1 sq. Km. „ 


1 m. „ 27 % 

27 m. „ 1 1 ft 

27 m. „ 20 

27 m. „ 20 x 1Q« 

Am. 20 X 10 rt calories. 


per hour. 


2. An approximate measurement, of the conductivity of certain substances may 
bo made by the method illustrated in the following example: A steady stream of 
water flowing at the rate of 500 grm. per minute through a glass tube 110 cm. long, 
1 cm. in external diameter, and 8 mm. in l>ore, the outside of whieh is surrounded 
by steam at 100“ 0., is raised in temperature from 20 ’ (!. to 20“ C. m it passes 
through the tube. Find approximately the conductivity of the glass. 

In the formula, II /■ A r ‘ r<i t. 


500(20 - 20) 5000 calories, 


taking A as the mean of the inner and outer surfaces of tin* glass; 

A 2*r(*45) x 20 27w sq. em., 

taking the temperature difference at the middle of the length of fhe tube; 
r» - r, « 100 ~ |(20 + 20) 75“; 

l thickness of the glass *1 cm,; 
t 00. 

5000 ~ k X 27* X 75 X 10 X 00. 

k * - -0013. 

24 2 r 

An accurate solution of the problem run only he obtained by mathematical 

methods too advanced for this hook. 

2. How many kilogrammes of water will 1m evaporated in 1 hour from an iron 
boiler 1*5 cm. thick with an area of heating surface equal to 400 wj. em., the 
outer surface being kept at 180*’ il and the water at 100 * C.U 

tb-' - ■ *' ‘ ... ... 

1( 
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QUESTIONS AND EXEKUISES 

1. When very short cylinders of lead and copper are placed with one end of each 

in contact with a hot body it is found that the other end of the lead cylinder 
gets hot HoonoHt, whereas with longer cylinders of the same metals the reverse 
appears to bo the cast!. Explain the reason of this. 

2. How may the conductivity of a substance for heat be measured (a) for a metal, 

((>) for a poor conductor? 

3. What experiments are necessary to determine the relation between the thermal 

conductivity of a body and its temperature ? 

4. Water kept at 15" (/. is separated from ice by a plate of iron 1 cm. thick and 

100 s<[. cm. in urea, if 11840 grin, of ico are melted in 1 hour, what is the 
thermal eonductivity of the iron? [Latent heat of water = 80 units.] 

5. How may iho thormnl conductivity of a gas be ascertained ? 

6. An iron boiler containing wutor at 100" (1 is 3 cm. thick, and keeps a room in 

which it is placed at a temperature of 30” (J. If the conductivity of iron is 
1*21) unit per hour, find how much heat is given oil per hour from a square 
centimetre of the surface. 

7. How many gramme degrees of heat will bo conducted in a second through an 

iron bar 4 sq. cm. in section, and 2 cm. long, one end being kept at 178° 0. 
and the other at 100" U., tins moan conductivity of iron being *12? [Units: 
gramme, centimetre, second, degree (/'.] 

8. Boiling water is kept in contact with a brass plate 1 cm. thick and 100 sq. cm. 

in area; the other side of the plate is in contact with melting ice and it is 
found that (M 1)2 kg. of ice are limited in 24 min. Bind the specific thermal 
conductivity of brass in U.G.B. units. (L — 80.[ 

9. Compare the quantities of heat which pass through two plates of the same 

material from the following data:— 



'rime. 

Area. 

Thickness. 

Temperature 

Difference 





of Faces. 

Plate* A 

1 hour. 

20 Hq. ft. 

12 in. 

r a 

I‘Iidt- 11 

16 min. 

14 Hq. ft. 

*5 in. 

20" 0. 


10. The bottom of an iron saucepan has an area of 150 sq. cm. and a thickness of 
*3 cm. Bupponing it to stand on a hot plate maintained at a temperature of 
150" O. while the saucepan contains water at 100®, find how much water 
would 1 M3 evaporated per minute. [Thermal conductivity of iron, *10.] 
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152. HEAT OF COMBINATION. 'rim ordinary method of 
producing heat is by chemical combination. When substances 
chomieally combino—o.g. hydrogen and oxygen t.o form water— 
heat is evolved, and when water is decomposed into its constituent 
gases onorgy is absorbed. If the direct and inverse process take 
place undor the same external conditions these two quantities of 

energy arc equal. 

We shall confine our 
attention to a few of the 
more Hinmie arid common 



atance that entern into the 
compound in determined by 


lormeu. in an meaHure- 
menta of the heat of com¬ 
bination, known weight« of 
the imbalance are canned 
to combine in a calorimeter. 


v/r c a v a a*/ 

HERMANN.” Theae in 
vwtigatora made numeroui 
be heat produml when different aub 
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The substances wore burned in the chamber A, which was made of 
copper and wholly immersed in the water of the calorimeter M. 
The calorimeter was surrounded by a water jacket, and the space 
between thesis vessels was filled with swans’ down. 

The vessel A was kept full of oxygon by means of the tube cc', 
which communicated with a large reservoir of that gas. When the 
substance burned was a gas it passed into the calorimeter in a steady 
stream through the tube im'. When the substance was solid or 
liquid this tube was utilized for the purpose of directing a jet of 
oxygen upon the burning mass. Liquids were burned in a lamp 
with an asbestos wick. 

The products of the combustion were cooled in passing through 
the coil 11 , after which they either condensed in the reservoir o or 
passed into the air through the tube o'. 

A tube K closed by a glass window enabled the process to be 
watched in order that the combustion might be regulated. 

The temperature of the calorimeter was carefully corrected for 
radiation according to Newton’s law of cooling. 

By the same method Favro and Silbermann also measured the 
heat developed when various substances were burned in chlorine. 

154 . ANDREWS’ EXPERIMENTS.- The apparatus used by 
Andrews to determine the heat evolved in the combination of two 
gases is shown in fig. 112. The gases were \ 
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chemical action took place. The heat produced canned the mercury 
to expand along a communicating tube lt\ and the quantity of heat 
was calculated from the amount of this expansion. The. materials 
were introduced into the calorimeter u through a tula* w, the solid 
substance being first* introduced, and the liquid subsequently by 
inverting the bent tube B. A plunger turned by the handle m 
served at the beginning of every experiment to set the mercury 
at the zero point 0 in the tube. The relation between the expan¬ 
sion of the mercury in //' and the heat developed in n was indepen¬ 
dently determined by placing in u a known weight, of water and 



Fi«. tin 


observing the advance along It for the known tmutlsw of calories 
thus communicated. The calorimeter wan surrounded by wool to 
prevent loss of heat by radiation. 

The results obtained for a few substances arc given in the table 
on page 415. 

156. The calorific value of fuel is determined by burning a 
small maw and pawing the gaseous products of combustion through 
water, the heating of which measures the quantity of heat evolved. 

Fig. 114 shows a modified form of the Thomson calorimeter. 
The combustion taken place inside the vessel a, which stands in a 
known mass of water contained in 11 larger vessel a When in 
action the vessel a is closed at top and bottom. The fuel contained 



in a crucible inside A is ignited by an electric current passing through 
a wire, and the combustion is maintained by a stream of oxygen 
passed into a. The necessary accessories arc shown at b. The 
heated gases pass out through a valve at the bottom of A and bubble 
up through the water in <j, the rise of temperature of the water 
being measured by a delicate thermometer 1). To check radiation 
the calorimeter (3 is placed inside a metal vessel K, which stands in 
a box of wood K. It is necessary that the water-equivalent of the 


v jiiiiMiliife3 ] 




al mass of watoi 


stion varies wit! 

the materials and the velocity of the chemical change. Ignition tom 

be raised in ordei 
t are heated suffi 
diat are very ho 
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Attempts have hee.n made to calculate the temperature of flame 
by finding the quantity of heat developed and dividing it by the 
heat capacity of the products. Thus 1 lb. of carbon in burning gives 
out 8000 units (pound degrees) of heat. If burned in air the gaseous 
products weigh about 1 2T> lb. 'Faking the specific, heat of those 
products as *24, the number of heat units required to raise thorn 
through TO. = 12f) X ’24 = 3, whence* the temperature reached 
8000 -f 3 = 20 60 0. Objections to the method are obvious, 
and such results are not to he relied on. 

158. KXAMPLKS. 

1. J low many pounds of water could l>e evaporated by the heat developed by 
the combustion of 1 lb. of hydrogen in oxygen I 

The combustion of 1 lb. of hydrogen in oxygon produces 34000 pound-degrees 
of heat. 

The evaporation of 1 lb. of water aiworlw 5117 {muitd degrees, 

Maas evaporated ■ 68’3 lb. 

5*l| 

2. How many grammes of carbon must l>e completely burned to product) heat 
enough to convert 10 grm. of ice at 5" (t into Htmm at lOO" t \ f 

[Heat of combustion of earlwm 80HH units; latent heat of water 79 and of 
steam 53(5; BjHjeific heat of ice *5.) 

To warm 10 grm, of ice from - fi' (J, to 0" U. alMortm 25 calories, 

To melt 10 „ ,» at 0 ’ „ 790 „ 

To warm 10 „ water from 0*' (\ to 100 ' C, „ 1000 

To evaporate 10 „ n at 100** », 5300 M 

/. Total heat required «•-* 7175 rt 

. 7175 

Carlton mpuml as *887 grm, 


QUKHTIONK AND KXKWTHKH 

1. The heat of combustion of nine in oxygen w mud to Iw 1 


i 1 . *t . * 


Explain what 


it may Ihi verified. 

% How would you find oxjxtriimm tally the relative quautitnm of heat given off 
when equal weights of sulphur, phosphorus, and carUm are thoroughly 
burned ? 

8. Why do the inhabitants of cold climate# eat fat? 

4. How much charcoal must \m burned |mr hour inside a ettl*e to maintain the 

temperature of the inside 20“ hotter than the outside, if the edge of the culie 
bo 5 m M the thickness of the walk 10 em„ and the conductivity of the 
material *0056 CUl.H, unit? 

5. How much ice at 0* 0. would lie eonvtsrtod into utearn at 100 t\ by the com¬ 

bustion of l grm. of hydrogen I 

6. How much iron must lie burned to produce mifheiont litmt to warm a ton of 

iron from 15® (.1 *25" C.1’1 
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159 . NATURE OF RADIATION.—Tho modes by which heat 
may pass from one body to another have been distinguished in 
Chap. 1. Ordinary material substances are concerned in the pro¬ 
cesses of convection and conduction; but in radiation the passage 
takes place by means of the ether. A mass of evidence, which 
appears mainly in the theory of light and electricity, suggests the 


whether between stellar systems or between molecules. It is a 


bined m the substances wo know. For example, astronomy postu¬ 
lates its possession of the properties of a perfect fluid, while the 
facts of physics seem to show that it possesses the properties of an 

eh 
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thorefore causes it to start moving in the opposite direction to the 
normal component of the motion of the molecules. 

After a short period, however, when the rebounding molecules 
of the gas have shared their energy with the adjacent molecules, 
this cause ceases to operate over the central portion of the vane, 
but continues to do so round the edges sufficiently to maintain the 
motion. By placing a quantity of cold powdered charcoal in com¬ 
munication with the chamber of the radiometer, Dewar lias succeeded 
in making the vacuum so perfect that the vanes no longer rotate. 

For some of his experiments on radiation, Nichols modified the 
instrument so as to convert it into a measuring instrument. There 
were two vanes suspended by a delicate quartz fibre. One vane was 
screened from the radiation which fell on the other, and the torsion 
of the suspending fibre caused a definite deflection to take the place 
of rotation. The angle of deflection was shown by a mirror attached 
to the suspended system as in the mirror galvanometer. This form 
of the instrument is very sensitive, and allows comparative measure¬ 
ments to be made. 

The Linear Thermopile. - The extreme sensitiveness of some 
modern galvanometers renders it practicable to work with a thermo¬ 
pile having very few pairs, or even only one pair, of bars. The linear 
thermopile is sometimes used in the examination of the spectrum. 
The couples are made of fine wire, iron and constantan being often 
used. The wires are wound on a small frame, every alternate junction 
lying on a vertical line, and the frame is placed in a cylinder which 
has a small vertical slit in it through which radiation passes to the 
line of junctions. 

Boy’s Radio-micrometer (fig. 116) is a combination of a thermo* 
couple and a delicate galvanometer. The bar of bismuth and the 
bar of antimony are joined at their lower extremities to a thin 
copper disk d and at their upper extremities to a single loop of fine 
bare copper wire r, the whole thus forming an electric circuit. The 
loop of copper wire is supported by a thin glass tube < 7 , and this in 
turn by a fine quartz fibre q , The glass tube carries the galvano¬ 
meter mirror m . All these arrangements are suspended within a 

brass tube (shown shaded), which throughout the length of the coil 
of copper wire is between the poles of a powerful permanent magnet 
N8, and the bismutlnantimony couple is surrounded by a mass of 
soft iron A A, The radiation enters through the tube B, falls on the 
disk d, and thus warms the lower junction of the thermo-couple and 
causes an electric current to flow round the coil c (Art. 135), which 
{Qtnn is 
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meat of * 0001 ° 0 ., and the action is more prompt than that of the 
thermopile. Hence it is much used in investigations of the thermal 
spectrum. 


161. RADIANT HEAT AND LIGHT COMPARED.— 
Radiation through a Vacuum.—Heat and light are received 
simultaneously from the sun, and when the light is cut off at the 
time of an eclipse, the heat supply also ceases. Thus thermal radia¬ 
tion is transmitted through vacuous space at the same speed as 
I light radiation. 

That thermal radiation which is unaccompanied 
by light radiation may also pass through a vacuum 
18 Nhown by the following experiment devised by 
(a Rumford. The closed end of a barometer tube 

\ 4J miH ex P an( l° ( J bito a sphere (fig. 11 <S), at the centre 

of which was placed the bulb of a thermometer. 
I The barometer tube was then filled with mercury, 

I and a vacuum produced at the top as with an 

ordinary barometer. On allowing thermal radia 
tion to fall on the sphere the thermometer showed 
a rise of temperature, just as in the ease whew 
the sphere was filled with air. Thus thermal 
radiation does not need the presence of air or 
other ponderable medium for its transmission. 

Radiation travels in Straight Lines.—If a 
radiometer be exposed to a source that is emitting 
thermal ami liarht radiation, it is found that 

series of 
.: if the 



ono of its faces AB plane and coated with lampblack. A thermopile 
(Art. 136 ), shielded from lateral effects by a cone fitted on to one 
face, is placed at various distances H and s' from the radiating 
surface, and the indications of the galvanometer are found to bo 
constant whatever the size of the circular area au from which the 
radiation proceeds. The area of this circle is proportional to the 
square of tho distance between it and the the.rmo-pilo. Tho intensity 


IV' 




of a substance placed there (fig. 130 ). If the mm roe of heat be 
luminous, an image both luminous arid hot in obtained in the focus 
of the second mirror, Tho thermal and luminous radiations have 
followed the same paths. If tho source of heat 1 m a dark vessel 
containing a hot liquid, a thermometer placed in the other focus 
shows a rise of temperature. Thus thermal radiation falling on 
polished surfaces is reflected according to the laws of reflection of 
light The laws are:— 
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(1) The incident and reflected rays are in the same plane. 

(2) The anglo of reflection is equal to the angle of incidence 
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detecting thermal radiation replace the eye in those experiments, it 
shows that the thermal radiations are transmitted or quenched in 
precisely the same way as the light radiation, not only when the 
source of radiation is emitting both light and thermal radiations 
simultaneously, but also when the source is at such a temperature as 
to emit thermal radiations only. 

Heat radiation is thus shown to be capable of polarization in 
precisely the same way and by the same means as is light radia¬ 
tion. 

The refraction of thermal radiations is dealt with in Art. 176. 

162 . In the succeeding articles we shall give a sketch of the 
earlier work on the behaviour of bodies with regard to thermal 
radiation, and for these purposes the suhjeet may he thus 
divided. 

A. .Radiation proceeding from a given substance. This process 
is called emission. 

B. Radiation incident upon a given substance. 

When radiation is incident upon any given substance, the 
radiation either enters the substance or is refleeted from the 
surface. 

If it is reflected, the reflection may be either regular or irregular. 
Regular reflection, or simply reflection, is the case when the radia¬ 
tion proceeds in the same manner as the reflection of light from a 
mirror, the reflected pencil taking a definite direction. Irregular 
reflection or diffusion occurs when the radiation is reflected in all 
directions, m the light is from this page. 

If the radiation enters the substance, it may or may not pass 
through it. That which passes through is said to undergo trans¬ 
mission; that which enters the substance but does not pass through 
it, is said to undergo absorption. 

Thus 

ftutiu*r vtiU'W it j nisi jwwiw through TmamiiiMsion, 

, I rndwtanro \ w ifm’nrttrd Atmorptinii. 


Incident Radiation 


or umlnr^ot'H 
reflection 


regularly 
or irregularly 


Hofleetion. 

Imi’tinmn. 
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1 11 

of which a certain fraction - is transmitted. - is absorbed, ~ re- 

n a r 

I 

fleeted, and v diffused, then 
a 


1111 
_1_ x l 1 I 1 

tHMD aa<«st || r ... mftMl tmmk 

n a r d 


1 . 


These fractions are respectively the measures of the transmitting, 
absorbing, reflecting, and diffusive powers of the substance. 

If, as is the case at least approximately with many substances, 

1 

- =s= 0, that is, the substance does not transmit some particular 
n 

kind of radiation, then the sum of the three remaining fractions 
equals unity. 

163. Til KORY OF EXCHANGES.—If we have a mass of 
white-hot platinum, and a vessel containing water at 100°, we know 
that each source is emitting radiation in all directions, so that radia¬ 
tion from each must fall upon the other if there is no obstacle between 
them. 

If the hand be held in front of one face of a thermopile, the 
galvanometer is at once deflected, and if the hand be replaced by 
a lump of ice, a deflection is obtained in the opposite direction, 
showing an apparent radiation of cold. 

Such facts suggested to Provost the idea that radiation is taking 
place from all bodies whatever their temperature may be, and that 
every body is continually emitting and receiving radiations from 
others. No bodies are absolutely devoid of heat, and their molecules 
are always in motion. They are continuously producing undulations 
in the ether, i.e. emitting radiation, and also taking up the suitable 
undulations that fall on them. i.e. absorbing radiation, thus ox charier- 



face has an important effect on the rate at which heat leaves a body. 
If we take two similar flasks, cover one with lampblack and the 
other with tinfoil, fill them both with hot water and observe the rate 
at which they cool, it is found that the llask covered with lampblack 
cools much the faster of the two. Hot water, contained in a vessel 
with a polished surface, keeps hot longer than in a similar vessel 
with a rough dull surface. Placing a polished vessel in a tight* 
fitting coat of thin flannel hastens rather than retards the cooling, 
the increased emissive power of the surface more, than compensating 
for the effect of the bud conductivity of tin* flannel. 




W * * 1 

/ ‘ ^ 

....-* -»»•. m ,ni„, lr ... 

J 4 


- f| -—11—I mT tr II I It ortrwininfii Hi<B> n i*Ui!iiiMUfll 


momoter. Although the fiuais of the rube were all at the same 
temperature, the rise of tem|>emture registered by the thermometer 

varied according to the nature of the material on that face of the 
cube from which it wan heated. 

More exact measurements were afterward** made by Melloni, by 
means of the apparatus shown in fig. Pit. A Leslies euhe, having 

its faces coated with different substances, was filled with water main¬ 
tained at boiling-point by a lamp, and the radiation from the different 
faces was successively received on one fare of n thermopile attached 

to a galvanometer. The current recorded by the galvanometer was 


t 
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proportional to the hoat absorbed by the thermopile, i.e. to the heat 
radiated from the face of the cube, which was determined by the 
emissive power of the substance with which it was coated. 

A pierced screen served to limit the area from which heat rays 
passed to the thermopile, and another movable screen to commence 
and terminate the experiment. 

Do la Provostaye and Desains found that the pierced screen 
used by Melloni reflected rays back to the cube, from whence they 
were again reflected so as to reach the thermopile. They therefore 
blackened this screen on the side of the cube, and polished it on 
the side of the pile, and interposed a second similar screen to pre¬ 
vent radiation to the pile from the first screen. By this means they 
eliminated the errors which vitiated Mclloni’s results for metals. 

By using screens pierced with apertures of different sizes, the 
apparatus could be made more or less sensitive in a known ratio at 
pleasure. 

In the final results it was found that lampblack has the highest, 
and polished metals have the lowest emissive power. 


'Paulk or Comparative Kmihsivk Powers 


(MelUmL) 


Lampblack 

... 100 

White lead 

... 100 

Paper 

... 98 

(} lawH 

... 90 

Indian ink 

... 85 

Nhulloo ... 

. 72 


(Du la Provostaye and Desains.) 
Platinum (polisho(l) ... 9*5 

Copper foil ... ... 4*9 

Gold leaf ... ... ... 4*8 

Silver . 2**2 to 5*4 

(according to state of polish). 


The above measurements are comparative. Few data arc available 
as to the absolute emissive power of substances. 

166. The emissivity, emissive power, or coefficient of emission 
of a body, is the quantity of heat radiated per second from unit 
area of surface per degree of difference between the temperature 
of the substance and that of the enclosure. 

M* Parian e, in his determinations, hung a small blackened copper 
sphere inside a calorimeter the inside of which was also blackened, 
and which had double walls, the interspace being filled with water. 
The sphere was first heated in a flame and then hung in position. 
One junction of a thermo couple was embedded at the centre of the 
sphere and the other fixed to the outside of the calorimeter. The 
deflections of the galvanometer included in the circuit were read at 
suitable intervals during the cooling of the sphere. The thermo- 




couple having been standardized, the temperature of the sphere at 
any moment was known from these deflections. 

lie also made a set of observations whim (he surfaces were bright 
The following values of the emissivity were obtained: 


.Surface. 


Polwhud copper 

n 

Blackened copper 


Tt'iup of Tt'iiijM'rnttm* I 
MtH'limMc. Dificmirr < file It nt. 


•OOOIHH 

'(ino.rjH 


The presence of air largely affects the results. Art. I f*C>. 

In acme experiments by Bottom ley a platinum win*, wan stretched 
inside a blackened copper tube, the wire being maintained at a steady 
temperature by passing an electric ctmvnt through it, the heat 
omitted from the surface of the wire lining equivalent to the electrical 
energy supplied (Art. 13,1), The pressure of the air in the tube was 
varied in different experiments, and it was fount! that below a certain 
tl 


and Desams, by means of an elertrie eurrent, h* 

which were coated on the two sides by two dill 

¥ 9 

thermopile was placed opposite each face. It 
were obtained by using weaker or stronger en; 
perature was raised both thermopiles producer 
in their attached galvanometers, but the defleet 
in the game ratio. Hence each Kulmtance has a 
tion of the emiggivity with the tomfHwature, i.e. 
to waves of different lengths, 

167. TEMPKUATUHK. Laws of Cooling 





RADIATION 


219 


heat leaves a body also depends upon its excess of temperature above 
its surroundings. The relation between this rate and the tempera¬ 
ture of the body has been the subject of much investigation. As 
a first approximation Newton’s Law of Cooling is used in elementary 
work. The student can easily verify this law. If a mercury ther¬ 
mometer with a large bulb be warmod to a temperature 20° C. or 
30 “ 0. above the tempera cure of the air, suspended in a position free 
from draughts and observed at convenient equal intervals of time, 
c.g. every minute, it will be found that the rate of cooling is rapid 
at first and gradually diminishes as the temperature of the thermo¬ 
meter approaches that of the room. It is obvious that in such an 
experiment we are not dealing with radiation only, but with the 
total heat that left the thermometer. The numbers expressing the 
fall of temperature during those successive intervals are proportional 
to the numbers expressing the differences between the mean tem¬ 
perature of the thermometer during the successive intervals, and that 
of the enclosure. These facts are embodied in Newton’s law of cool¬ 
ing. The rate of rise or fall of temperature of a hotly is proportional to 
the difference between the temperature, of the body and that of the enclosure 
The numbers, which indicate the successive values of the excess 
of the mean temperature over that of the enclosure, form a geo¬ 
metrical progression proceeding by a common ratio, and the loga¬ 
rithms of these numbers an arithmetical progression proceeding by 
a common difference. The following actual sot of readings will 
serve to illustrate the law: — 


Time 

Tompornturo 
of Thormomotor 
(«). 

Temperature 
of Km-loHuru 
(*>■ 

RXCOSS of 
Temperature 
(a - b). 

Logarithm of 
Kxoohs of 
Temperature. 

Excess 

Ratios. 

8 hr. 0 min. 

»fi" R 

err r 

80 r R 

H77 

1-24 

8 hr. 2 min. 

Htrr 

err 

24 *r 

1-582 

V2(> 

8 hr. *1 min. 

84*0“ 

05“ 

nr 

1-279 

1*28 

8 hr. li min. 

H(H" 

err 

lfH" 

1-1K7 

1-48 

8 hr. 10 min. 

75 "4" 

05” 

10*4“ 

1-017 

1-51 

2 hr. 15 min. 

7 nr 

05° 

e*r 

•888 



The numbers in the sixth column—“ excess ratios ”—are obtained 
by dividing successively each of the numbers in the fourth column 
by the number next below it. It will bo observed that so long as 
the temperature interval was the same (two minutes) this ratio 
remained practically constant, and the longer the time interval the 
greater the ratio. 






In the diagram, fig. 122, the olmervatioimarc plotted 

he 







For most practical purposes Newton's law is sufficiently accurate 
when the temperature difference does not exceed 40 ° or 50 °, but 
further experiments show that this law does not represent the facts 
when the difference of temperature between the hot body and the 
enclosure is considerable, a case which was investigated by Dulong 

and Petit. 

| Dulong and Petit’s Law of Cooling.— 

Ion 

as the cooling body a mercury thermometer 
having a large bulb, the cooling liquid thus 
icring its own tempei 
h 



moans of a tube c air or gas could bo pumped 
in or out of the enclosure n. The sphere n was immersed in a large 
vessel of water or other substance maintained in each experiment at 
some definite temperature. 

When the enclosure was at 0" Dulong and Petit obtained the 
following result:— 

Twnpomturtt of thormonuitor I 240‘* 200° 100° 120“ 100° 80° 

. 10-69 7*40 4-89 3-02 


>eratur©s, the tern 
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points to this expression as giving the true law of the variation of 
radiation with temperature. 

168. RKELECTION.—The reflection of thermal radiation from 
polished surfaces has been investigated by Melloni and by de la Pro- 
vostayo and Desains by means of the apparatus shown in fig. 125. 
The reflecting substance was placed on the graduated circular plate 
1), by turning which the angle of incidence of the pencil of rays 
could he adjusted to any required value. This pencil proceeded 
from a Loeatolli lamp A, passed through an aperture in the screen q 
and after reflection from the plate at I) fell upon the thormopilo E. 
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in r< 


TUT? 

























increases with the angle or incidence; wnereitB ror metals it remains 
nearly constant until the angle reaches 70 “ or 80 , and then dimin¬ 
ishes. 

(ii) The reflecting power varies with the .source of heat. When 
the Locatolli lamp was removed and solar radiation used, the value 
obtained for the reflecting power of silver was smaller. 

The reflecting power of a substance is therefore different for 
incident rays of different wave length. 

169. DIFFUSION. The fact that a part, of the thermal radia¬ 
tion incident upon a surface may undergo diffusion is proved by 
directing thermal radiations upon a substance such as white lead or 
any white powder and placing the thermopile near it. A deflection 
is obtained in any position of the pile. The fact that this reflection 
is duo to radiation irregularly reflected from the surface, and not to 
radiation emitted by the powder itself, is proved by the nature of 
the radiation, which exhibits the same characteristics as are shown 
by the radiation from the source. It also appears from Melloni’s 
experiments that when the source of heat is at a high temperature 
the process of diffusion from any git tin surface takes place to a 
greater proportionate extent than when the source of heat is a body 
of low temperature. 

170. TRANSMISSION. - Substances which allow thermal radia- 


mane.y for heat is analogous to transparency for light; it is trans¬ 
missive power. 

That thermal radiation from the sun can pass through glass is a 
matter of common experience. Provost found that heat radiations 


deflection or tna galvanometer was rmmmu 

The experiment was then repeated with a plate of the substance 
at D. The ratio between the second deflection and the first gave the 
fraction of the whole radiation that had passed through the plate, 

which is the measure of the diathermancy. Mellon! enclosed his 

* 

liquids in a trough with parallel sides, determining the effect of the 






aides of the vessel by a preliminary experiment. He found that 
pure water is very athormunous. 

Of all the substances tried, rock salt was the most diathorman- 
ous. It transmitted 1)2 per cent of the radiations that fell upon it. 
Sylvino (chloride of potassium) possesses the same characteristics. 
Hence the prisms and lenses used in investigations of thermal radia¬ 
tions are usually made of rock salt or of sylvine. A solution of 
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tho relative values of II for different Huhstunees air. thus obtained 
from the indications of the thermo pile*. Proceeding in thin way 
Molloni found that the relative ahsm himj pmvers <>J tlij/i rent substances 
are eradly the same as their relative emissive putr* vs. As to this equality 
of absorbing and emissive power, if may be remarked t hat when a 
body receives or parts with heat by radiation, there is an inter¬ 
change of energy between matter and ether, and the facility with 
which this interchange can take place appears to be independent of 
its direction. 

Oases. — The absorptive power of gases and \npours has boon 
investigated by Tyndall. Fig. 127 shows dingrammuticnlly Tyndall's 
apparatus. A Leslie cube A eontained water kept at l(R)’ 0 . Tho 
heat radiated from the central part a' of one side of the eube, passed 




along a tube lie (about 4 ft. in length), anti fell on one fare of a 
thermopile i>, another cube F emitting radiation to the other face 
of the thermopile. A vaeuuin was maintained in the jKHiion n of 
tho tuba, while the portion r eontiiined the gas or vapour whose 
diathermancy was to be measured. The ends of <* were closed by 
plates F of roek salt. Conduction id heat along the walls of n was 
prevented by a stream of cold water kept in circulation round the 
chamber (a With the tubes it and t* l«iih exhausted of air, the 
position of K wan adjusted ho that the galvanometer It attached to 
the thermopile showed no deflection, the radiation received from 
K being exactly equal to that received from a , Pure dry gas was 
then admitted into o and the deflection of the galvanometer observed. 
The relative opacities of the different gases were projmrtional to the 
deflections produced by their admission into it Tyndall found that 
the admission of air, oxygen, nitrogen, and hydrogen produced 
no deflection, so that their diathermancy is very high and their 
absorptive power very small. Thu various compound gases that 
were tried, and also aqueous vapour, all gave deflections, some 
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of thorn very largo, indicating that they absorbed much of the 
radiation. 

Magnus made a series of experiments in which the thermopile 
was within the vessel that contained the gas under investigation. 
His results were very different from those of Tyndall, notably in 
respect to water vapour, the presence of which in air he found to 
be without effect on its diathermancy. Other investigators have 
obtained results differing considerably from those of both Tyndall 
and Magnus. Meteorological observations, however, appear to estab¬ 
lish the fact of the high absorptive power of water vapour. And 
the whole of the observations go to prove that the radiating and 
absorbing powers are the same in each gas, although different in 
different gases. The presence of aqueous vapour in large quantities 
in the lower strata of the atmosphere thus tends to mitigate the 
intensity of the Hun’s rays, and to check radiation from the earth’s 
surface. The low temperature prevailing, in the absence of direct 
sunshine, on the tops of high mountains is probably due, at least 
in part, to the diathermancy of the dry rarefied air, which allows 
radiation from the earth’s surface to proceed unchecked. Vapours 
show great variation in absorbing power with temperature. As the 
temperature is raised their diathermancy becomes much greater. 

According to Tyndall the absorbing power of compound gases 
is much greater than for elementary gases, whose molecular struc¬ 
ture is more simple, from which it would appear that the energy 
is expended in increasing the motions of the atoms constituting the 
compound molecules rather than that of the molecules themselves. 

172. Selective Absorption. —Early experiments showed that the 
absorbing power of a body is different for radiation from different 
sources. Tims, radiation from a Leslie’s cube at 100 " is quenched 
or absorbed to a largo extent by many substances which allow radia¬ 
tions from a flame or from the sun to pass through in much greater 
proportion. The incident pencil usually contains radiations of very 
different wave lengths, which are present in different proportions 
accordirig to the temperature of the source. Those radiations whose 
periods synchronize with the vibration periods of the molecules are 
absorbed, while those whose periods are very discordant pass on 
(Art. 237 ). Thus, glass absorbs waves of a long period, and con¬ 
sequently in athormanous to radiation from a source of low tem¬ 
perature, whereas it allows much of the radiation from the sun to 
pass through. 

A substance absorbs almost completely those radiations which 
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the substance, when heated, would emit, on the name principle tin 
a number of stretched strings, tuned to a particular note, take u 
the vibrations when that note is sounded and stop tin* jmanage < 
the sound-wave incident upon them, dims roek salt in found fc 
bo opaque to radiations proceeding from hot roek salt. 

A solution of permanganate of potash in water is transparent ft 
the light waves coming from both ends of the light spectrum, In; 
does not transmit the waves constituting the middle, part of tl) 
spectrum. 

Most substances behave in a somewhat similar way toward 
thermal radiation. Each substance trauma its waves of certai 
lengths and is opaque to others, Isuupbluek is opaque to neatl 
all wave lengths, transmitting only the very long waves. 

173. A study of the following table will illustrate several of th 
results obtained. 
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174 * FORMATION OF DEW, According to the generally 
received theory of dew, its formation is the result of the eooliiq 
of the earth’s surface hy radiation during the night. If nuliatioi 
proceed sufficiently rapidly to chill the air near the ground helov 
the dew-point, dew in deposited on the radiating surface, Mori 
dew is generally deposited on a (dear than on 11 cloudy night, be 
cause the clouds radiate lawk to the earth nearly alt the heat they 
receive from it, and thus prevent the chilling of the earth‘a surface 
The character of the surface also afreet* the result. If this materia 
be a good conductor of heat, this supply reaching it from the interio) 
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of the earth may ho sufficient to maintain its temperature in spite of 
the radiation, and in that ease the air above the surface being main¬ 
tained at a higher temperature is able to retain its moisture, and 
little or no dew is deposited. If, on the other hand, the surface be 
a good radiator and a bad conductor, it rapidly parts with its heat 
and receives little from the earth; it, therefore, becomes very cold, 
and much dew is deposited upon it. It is easily seen that the effect 
of wind must be to prevent the formation of dew by constantly sub¬ 
stituting warmer air for the chilled air before the dew-point has been 
reached. 

The above theory is probably incomplete. Recent evidence tends 
to show that dew may bo deposited under quite different circum¬ 
stances by the exhalation of vapour from the earth and from plants, 
and the condensation of this vapour upon the surfaces. 


175. SOLAR RADIATION.—The rate at which the earth is 
receiving energy from the sun, and hence the rate at which the 
sun is radiating energy, 


may bo estimated by 
Pouillt'Cs pi/rhdiometer 
(fig. 1‘2H). 

On the ends of 
long metal tube A are 
mounted a flat cylin¬ 
drical vessel n of thin 
metal and a flat disk (; 
of the same diameter. 
The calorimeter n is 
filled with water in 
which is the bulb of a 
thermometer whose stem 
passes along the tube A. 
The tube and its acces¬ 
sories are mounted on 
a suitable stand K by 
means of a universal 
joint ix The face B 
of the calorimeter is 



coated with lampblack, tig. m 

and the remainder of 

its surface is polished. The instrument is placed so that the axis 
of the tube A points to the centre of the sun, which is the case 



1-7 a x (' 


calorie 


Tho above figures give about 81,000 calories, which is equivalent 
7 ‘5 horse-power. 

Evaluations of the solar constant made by Viulle with a di fieri 
form of instrument, called by him an adumthtn, gate the value 2 * 
for the solar eonstaut; and Langley, who bad special facilities j 
estimating the effect of the earths atmosphere, makes it about 3, 

176. REFRACTION. THE SPKCTIU'M. I*t 11 parallel hei 
of radiant energy emitted from an electric are k (fig, I2fi) or oil 
convenient source pass through a narrow slit n and a prism 
Then it is found that if the light be for lined by a lens t, on a sere 
h*b placed in a suitable jnisilion on the farther side of the pris 
there is seen ujMim the screen it multicoloured !«tnd of light vu, t 
colours being in order violet, imligo, blue, green, yellow, orange, rt 
The parallel beam N h has bocm refracted by the prism, i.e, caused 
deviate from its original path, and also diipwraed, Lei, spread out in 
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Sxdin-lrv <-omli!i,ms’?l 1 fc . 0f ^ H(TOO \ hotwcei > v .and s', where under 

L., ' , 7° H0<!S ,l0thln ft il is fonud t! 'at chemical 

action takes place, on a photographic plate placod anywhere in that 

.-.* ^sas^v^ss 

whole han.I ««'i/’ ,u ‘! 1, *‘ >ront of the visiblo band. The 

it J , ; h,) radiatl<m spectrum; but as tho throe parts of 

it him. to be investigated by us by difleront means, they are distin 

gtiinluMl uh tho chemical or acfitn’A An***™™ ... c msnn 

and tho heat snentrnm Tt, pect um ’ tho spectrum, 

neat spectrum. I hose spectra are not sharply divided from 
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each other, but overlap. The heating effect can be detected not 
only in the portion between it and s, known as tho ultra-rod or 
intra ret, but to a lesser degree through the light spoctrum into the 
chemical region. Also photographic plates have boon prepared 
which are allertcd not only by the violet and ultra-violet rays, but 
also by the radiation that constitutes the remainder of tho visible 
spectrum and part of the thermal spectrum. Hut it may be generally 
stated that the most refrangible rays, i.c. those which are deviatod 
most from their original direct ion by the prism, form tho chemical 
spectrum, the least, refrangible the heat sjioctrum, and the inter¬ 
mediate rays the light spectrum. Where the effects overlap they 
cannot 1m isolated, damiri interposed layers of alisorbing substances 
in difiorent jiarts of the sjKsetrum, and measuring the reduction 
thereby presiueod in the light and also in the heat, found that the 
light and heat wore always reduced in the same ratio. 

If a piece of uranium glass lie placod in the ultra-violet region it 


Kg. 130 illustrates the general character of the results obtaii 
by a preliminary examination of the spent rum. '1‘hn length of i 
band »'8 represents the distance on the screen along which the rat 
tion passing through the prism is di*|»r»«d. The portion a t 
represents the light spectrum, the chemical spectrum extends fr 
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E to S', ana the thermal spectrum from II to beyond s. The height! 
of the curves wgp above the baseline at any particular point indi 
cate the relative intensities of tlio ellect at that point mcasurec 
chemically for curve w, photometrically for g, and thermally for p 
The ordinates of the three curves, however, have no relation to eacl 
other, as the three kinds of ellect are different, and arc estimated bj 
methods that are not comparable with each other. The approximate 
wave lengths (in microns) are shown at the base of the figure. 

The details of the results vary in some respects according t( 
the source of energy employed, because dillerent sources emit th< 
various rays in dillerent proportions; and also according to th< 
materials of which the lenses and prisms of the instruments are made 
because dillerent materials react dilferontly on the dillerent rays 
For the investigation of the thermal spectrum the prisms and lense< 
are usually made of rock salt or sylvine, because these substance 
are found to pass about ( ,)0 per cent of the heat rays. If the souro 
of light be the sun, dark lines A to H appear in the light spectrum 
and bands where the heat is less intense are found also in the hea 


spectrum, as shown in the figure. 

177. The Infra-red Spectrum.—This part of the spectrum ha 
been investigated by various methods. Ktefanik, employing a scree) 
which absorbed the whole of the spectrum ordinarily visible, wa 
able to detect by the eye radiations of much lower refrangibilifr 
than the ordinary red rays, as far as the rays of wave length 1 j 
(fig. 130 ). Becquorel, allowing the radiation to fall on a plat 
coated with a phosphorescing substance, obtained phosphoreseone 







the ordinary way. In them* photographs hands appear, indicating 
the absence or diminished energy of rays of certain wave lengths, 
analogous to the dark lines in the visible solar spectrum. 

Much of our knowledge of the infra rod spectrum is duo to 
Langley, who invented the bolometer for these investigations. Fig. 
131 may servo to give an idea of Langley s arrangements for in¬ 
vestigating the infra rod spectrum of the sun. By means of a 
siderostat a beam of sunlight was direr ted on to the slit of a large 
horizontal collimating telescope T having an objective lens of rook 
salt of 10 m. focal length. The beam was dispersed by a prism M 







FI#, uit 


of rock salt, and after its nawmife through M 


focused by a lens L 


e. The whole apjMtratUH mm m aeimitive that 
I that a difference of tem|iertit«fti m small as 
capable of detection. The machinery was so 
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are known to 1)C duo to absorption in the photosphere of tho mm. 
Whether the dark bands and linen in the infra red spectrum are due 
to absorption in the earth’s atmosphere or to action near the sun 
is not certainly known. There are many inflections of the curve 
between 1 /a and 3 /a, and Langley recorded about 600 lines between 
T8 /a and 5*3 /a. He also found the spectrum to vary slightly with 
the season of the year. 

178. MEASUREMENT OK WAVE LENGTH, ~ Let arc 

(fig. 133) represent a 
prism, and kuu; the path 
of a my passing through 
it. in such a direction 
that l.M is parallel to BO; 
then tin* angle Kilo mea¬ 
sures the deviation: call 
it in thaw the normal 
NU» to the side ab. 
Then since the figure is 
symmetrical and au> is a 



right angle, therefore the angle MU) 
Also, since i> ~ 2 hlo — 2 m 1,0 


2uu> 


the angle hu> . |(A + n) 

*») 


HU) M NLK 

Of 

MU) MU) 


A 


but tho ratio m , nNLK in the definition of tin* index of refraction. 
BHt MU) 

Hence the index of refraction 

j(a + i>)^ 
rnn A A 


n 


Thus tho index of refraction can be determined, whether of a 
light ray or a dark ray, whan the my hits been i»i dated. 

Tho wave lengths of the light rays are known; and it. is found 
that for those rays tho longer the wave the smaller is tho refractive 
index, and the shorter the wave tho greater the refractive index. 

Various attempts have boon made to establish 11 formula for light 
rays connecting tho wave length with the refractive index. That 
of Briot 
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where n stands for tho refractive index, k the wave length of the 
ray, and K, A, B, and C constants, appears best to represent the facts. 
Assuming this expression to hold for thermal radiation, when the 
values of tho constants have been determined, the wave length of 
any heat ray may bo calculated from its index of refraction. 

The wave lengths of heat rays arc also directly measured, as are 
those of light rays, by a diffraction grating. Langley used a Rowland's 
concave grating — part of a spherical surface of polished metal. 
When a beam of radiation falls on such a grating, interference and 
diffraction take place, and a number of spectra are formed. In 
fig. 134 , ac represents a section of the grating whose centre is 0 
and radius of curvature of. 

At i), the centre of the circle 
whose diameter is of, three 
arms were hinged, of which do 
carried the grating, dh tho ar¬ 
rangements for transmitting a 
beam of radiation from s to o, 
and im the bolometer b. Then 
the beam, proceeding from s 
and falling on the grating in 
the region near o, forms a 
series of spectra round the cir¬ 
cumference of the circle osb. 

These spectra may be numbered 
from 1 to q; then if k be tho 
wave length of any ray in the $ th spectrum, i the angle of incidence 
of the light at o, d the angle of diffraction, and a the distance 
between two consecutive lines of the grating, 

qk =s tt(sin i —• sin d). 

By this means Langley measured the wave length of rays up to 
2 # 5 /i. The weakness of the diffraction method of measuring wave 
lengths is that with such a wide range of waves as that present in 
thermal radiations the various spectra soon overlap. They are more¬ 
over weak in energy. Hence the refraction method is often used. 

The scale beneath the spectrum band in fig, 130 shows the ap¬ 
proximate length of the waves measured in microns. 

179. Long Waves. — Waves of much greater length than those 
referred to in the previous articles have been measured. Employing 
a cube of liquid as the source of radiation, and temperatures between 
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— 20° 0. and 100° 0., Langley estimated the length of the waves as 
between 15 /* and 5 y. 

Rubens and Nichols in one series of experiments employed as 
their radiating surface a layer of fluor-spar A (tig. 135) on platinum 
foil, which was maintained at any desired temperature. The radia¬ 
tion was successively reflected from throe paraded surfaces is, u, and 
1) of polished fluorspar, and then received on the measuring instru¬ 
ment Q. The fluor-spar reflecting surfaces acted selectively on the 
radiation, bo that the wave length of that which fell on q was found 
to ho 24-5 ft nearly thirty times as long as the longest visible rays. 
With quartz surfaces they found that regular reflection took place 
of waves whose lengths were 7**1 /*, H*f> p, 5 /i, and 20'K /*, but not of 
waves between those lengths. Mica showed similar results. 

By HueeoHsivo reflection from 


-.B. polished surfaces of rock salt, 

y \ X \ Rubens has obtained still longer 

\ / waves. The rays were found 

\/ \ to he transmitted by quartz, bo 

A C 0 that using a quartz prism their 

Ki« i»& index of refraetion was mea¬ 

sured, Thu value obtained 
was 2*19, and the wave length f>6 /*. 

The existence of absorption bands, demonstrated in these oxperi- 


m penous eorresponcnng w> me mngrns w urn an 
b. 237). 

180. KPKOTRUM OK TI1H ELECTRIC ARC 


the spectrum of the electric arc between carbon jsnnts. It showed 
a large number of bands, each made up of numerous fine lines, five 


kept fixed and the prism slowly rotated, thus causing the spectrum 
to pass slowly over the thermopile. He thus obtained a curve of 
intensity ranging from *7 /a to 6 /a. The refractive indices of 
different rays were measured, and their wave lengths calculated, 
181. FULL RADIATION IN AN ENCLOSURE.—If a thor- 
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momoter he placed in an enclosure which is maintained at a constant 
temperature, it takes up the temperature of the enclosure. Masses 
of substances of different materials and different colours—e.g. iron, 
platinum, porcelain, glass —contained in a hollow in a hot fire, lose 
their distinctive appearances and outlines, and present to the eye one 
uniform white glare. Since the substances all look alike, they must 
each be emitting per unit area an equal quantity and quality of light 
radiation. They must also be receiving equal quantities, or differ¬ 
ences would develop. And the same statement must be true of 
thermal radiations, or differences of temperature would result. 

This con (‘.option of a uniform fully radiating enclosure has been 
of great service in the development of the theory of radiation. In 

its perfect form the 
enclosure may be 
regarded as a thick 
hollow sphere (fig. 
130) with no aper¬ 
ture. For practical 
purposes it is of 
course necessary to 
have a small aperture 
through which the 
radiation from the interior maybe examined by radiometers outside. 
Experiments made with such a shell show that whatever substance 
may bo inside, the radiometer gives precisely the same indications 
for the same temperature. The only circumstance that affects the 
radiation is the temperature of the radiating substance. 

Hence whether the radiation is luminous or non-luminous, the 
conclusion is that in such an enclosure a stream of radiation is pro¬ 
ceeding in all directions, the quantity and quality of the stream 
depending on the temperature of the enclosure, and not at all on 
the materials composing it or enclosed within it. Each body emits 
exactly the same quantity and quality of radiation that it receives. 
Those that radiate much reflect little, and thoso that radiate little 
reflect much. A perfect equilibrium exists between the heat given 
out and the heat taken in by any element of the interior of the 
chamber, each (dement being supplied with thoso radiations which 
it reflects and which its own radiation lacks. Such an interior is 
said to act as a full radiator. 

182 . Black Body. In everyday language a black body is one 
that does not reflect light that falls upon it. Experiment shows 




Fig. ISO 



that ordinarily a lampblack surface reflects little or none of the ther¬ 
mal radiations that fall upon it, but absorbs them all. lienee, aban¬ 
doning the idea of optical effect, we may think of a perfectly black 
body as one which at any given moment is absorbing all the radia¬ 
tion of every wave length that is failing on it, retleeting hone and 
transmitting none. Such a body is a full radiator, possessing the 
distinctive property of the interior of a fully radiating enclosure. 
The quantity of radiation proceeding from such a body is indepen¬ 
dent of the several circumstances that ailed the results of Arts. 164 
to 166, and represents very approximately the stream that is due 
to its own temperature only, and tuny therefore he used to measure 
that temperature. 

The nearest practical approach to this theoretical perfectly black 
body is lampblack. This substance is therefore taken as (he standard 
with which other radiating surfaces are compared. The quantity of 
heat that leaves such a surface is 1*2? x 10 ?a X 0* calories per 
square centimetre per second, 0 being the absolute temperature. 

Carbon in its more usual forms, and those metals, such as iron 
and copper, which on being heated become eonted with a black 
oxide, approach the ideal condition. A perfectly black body cannot 
he prepared by artificial blackening. Hut any substances that are 
enclosed within hot furnaces, muffles, or combustion chambers, whose 
walls are at the same temperature as the contents, are at the time 
approximately black hollies in this sense. 

183. Badiation and Temperature. Many attempts have been 
made to find the connection between the temperature of a body and 
its rate of emitting radiant energy. The simple law of Newton and 
the more complicated expression obtained by Puhmg and Petit 
(Art. 167) are only applicable under the cimuimtanees and within 

rrmdArjLtrt limits indicated in the exneriments. Since 


the gas thermometer, the thermo couple, and the elertrie resistance 
thermometer have*, enabled much higher and lower temperatures to 
be measured with considerable accuracy, many investigations have 
been made with the object of determining the general relation 
between radiation and temperature. 

In many experiments a atrip of platinum has been used as the 
radiating surface. The strip may lw$ heated by an electric current, 
and its temperature measured by a thermo couple attached to it; or 
calculated by measuring its electrical resistance (the variation of re¬ 
sistance with temperature being independently known); or obtained 
from its expansion. The radiation proceeding from it may be men- 
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sured by a bolometer or thermopile. Figures obtained by such and 
similar moans have given different results, some making the total 
radiation proportional to 6\ others to 6\ and others to 6 6 ' 7 . These 
differences are probably due to departure from ideal conditions in the 
experiments, i.e. the radiating substances were not “black” bodies. 

From his oleetro-magnetic theory of light Clerk-Maxwell deduced 
the result that there exists a pressure in the direction of propagation 
of light waves. This pressure has since been detected and mea¬ 
sured by Lebedow and by Nichols and Hull. Starting from this 
fact, Bartoli and Boltzmann treated the radiation within a closed 
sphere as the working substance of a heat engine on the principles 
sot forth in Chap. XXVI, and reached the result that in such an en¬ 
closure the total amount of energy radiated from a body in unit time is pro- 
pm'tional to the fourth power of its absolute temperature (Art. 304). This 
important law may be thus stated: Writing E for the total energy 
emitted per square centimetre per second, and Ex for the energy 
per unit range of wave-length in the neighbourhood of A, 



6 being the absolute temperature and B a constant. 

This conclusion had previously been enunciated by Stefan as a 
deduction from observations published by Tyndall and by Dulong 
and Petit. 

The following figures, extracted from Balfour Stewart’s Heat, 
illustrate the basis of Stefan’s deduction:— 


Absolute 
Temperature <>f 
Hot Body 

Absolute 
Temperature of 
Enclosure 

.Numbers 
Proportional to 
Bate of Cooling 
of Hot Body. 

Numbers Propor¬ 
tional to Net Loss 
of Energy E of Hot 
Body calculated 
from Stefan’s Law. 

5 i r 

273° 

10*7 

10-7 

538” 

298° 

12*4 

12*8 

5f*r 

Old® 

dlO 

14*4 

14-14 


The numbers in the first three columns are those given by 
Dulong and Petit. 

The numbers in the fourth column are obtained from these by 
assuming that the hot body gives out energy to the colder sur¬ 
rounding body (see p. 221) at the rate B0 5 4 , and the colder to the 
hotter at the rate Bft/, so that the hotter body loses during each 
unit of time an amount K of energy equal to B(0 X 4 - Of) where 

B is a numerical constant. 

(om> 
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Thus for temperatures tAT and 27T we have 

E =a JB(bKP *—* 2 * 3 f1 ), 

and similarly for the other pairs of temperatures. Thu comparative 
values of E thus calculated are neon to he very close to the experi¬ 
mental values given in column three. 

184 . Wien and Planck have further developed the theory. 
When the temperature of a body is raised, the relative intensities 
of the energy of the various wave lengths change. Examining the 
spectrum of blackened copper at various temperatures between 
40° G. and 800“ (L Langley showed that m the temperature of a 
body rises, the spectrum is extended; radiations of greater and 
greater refrangihility gradually appear; and at the same time each 
element of the radiation in increased in intensity. Up to a certain 
point the energy of the radiation of higher refrangihility, i.e. of 
smaller wave length, increases in intensity more than that of lower 
refrangihility, so that if the maximum effect on the bolometer passed 
along the spectrum of a body at a certain temperature is at 4*0 u, 
then on raising the temperature a certain amount the maximum 
effect is found at (say) 3*0 /*, By a method simitar to that given 
in Art. 304, Wien and Planck have shown that the wave length 


% * •• w 

2880. The theoretical investigation also shows that the amount of 
the maximum energy K m proceeding in unit time from k m (the 
wave length of maximum energy) is proportional to the fifth power 
of the absolute temperature, i.e, 

fm « Q X a* . . .. ,, (3) 

where Q is a constant. 

Planck has also put forward a general formula expressing the 
variation of the energy E» with the wave length A and the tempera¬ 
ture 0. The formula, the proof of which cannot be given here, is 


where Oj and C a are conatanta, and e m the Um* of the Napierian 
logarithms. 
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The constant C 2 is equal to 5A in the equation ( 2 ) above, i.e. 
14400; C l is about 1000 . 

On these expressions are based the modern methods of measur¬ 
ing the radiation omitted by a body, and also its temperature. 

185 . The laws expressed by the four equations given above 
apply only to full or perfect radiators, and for such bodies have 
been experimentally tested and very approximately verified in 
long series of experiments by Wien, Paschen, Lummcr, Pringshcim, 
Kuril>aum, and others. 

In some experiments the enclosure was a hollow sphere coated 
inside with lampblack for the lower temperatures, and with either 
oxide of iron or oxide of uranium for the higher temperatures. In 
others the enclosure was in the form of a tube of porcelain or 
carbon surrounded by suitable jacketing tubes. The innermost 
tube was heated to any required temperature by passing an electric 
current of suitable strength either through it or round it. 

The temperature of the enclosure was measured by a thermo- 
electro couple or by a nitrogen thermometer. 

A piece of carbon was placed at the centre of the enclosure, and 
the radiation from it passed out to a bolometer through an aperture 
in the sphere, or when a tube was used through one end of the tube. 

To verify equation ( 1 ), E = B$ 4 , the radiation that passed 
through the aperture was allowed to fall on a suitable screened 
bolometer whose indications were proportional to E, 6 being simul¬ 
taneously given by the thermometer in the enclosure. The law 
was accurately verified for full or perfect radiators. 

The distribution of the energy along the spectrum given by the 
source within the enclosure was also examined. The radiation 
passing through the aperture fell upon the slit of a specially- 
constructed spectroscope whoso prism was of fluor-spar, and whose 
receiving telescope contained a line bolometer. 

At some selected temperature 6 of the source the bolometer was 
passed along the spectrum, and its indications at different parts of 
the spectrum wore proportional to the energy E of the radiation at 
that part. 

The variation of K with X (the wave length of the radiation) 
was set out in a curve. Four such curves obtained by Lumraer and 
Pringsheim are shown in the following diagram for temperatures 
1100 '; 1250", um\ and 1650° absolute. 

An examination of the diagram shows that the radiation in 
every part of the spectrum at first increases rapidly as the tempera- 
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ture rises, that for any given temperature the radiation is a 
maximum at some particular point, and that the wave length which 
is emitting maximum radiation is shorter at higher than at lower 
temperatures. 

The following table of numerical values confirms the laws stated 
above in equations (2) and (3). 


(a) 

(A) 

(<■) 

(,i) 

(e) 

0 



\ n X 0 

0 s 

Vino 

2*3 

35 

2875 

111 

Mf>0 

1*M) 

73 

2885 

113 

ICAO 

1*75 

134 

2887 

no 


The values in columns (a), (b), and (c) arc taken from tho curves: 
those in column (d) are calculated from (a) and (b) and verify 
equation 

(2). \ m 0 = constant: 
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HEAT 


For bodios that arc not “black ” and aro not in a fully radiating 
enclosure, the laws stated in equations (1) to (4) above do not hold 
good. Their radiation increases less rapidly with the temperature 
than does that of a black body, because reflection plays a part, so 
that its own radiation does not represent the whole stream coming 
from it. 

x86. EXAMPLES. 

1. If tho heat radiated per second from a Hark Ixuly varies m thr fourth 
power of tho absolute temperature, and amounts to 1U watta prr square centimetre 
at 1000° 0., find tho temperature of tho solar wtrfacr, awiuming it to radiate 
10,000 watts prr square centimetre. 

Lot the temperature l>o a?", then 10 B( 1273} 4 

and 10000 B(.r) 4 

m \x 1278(1000) 4 71M 0880' C. 

2. Compare tho amounts of heat lusts per second by bodies at 027 ’ C. and 
127” O. respectively in an evacuated vessel which in kept at 27" ( J, 

The absolute temperatures are 40U and 300 \ 

For tho first Ixwly F t HfPmi 4 

- B H UK) 4 x 04 MO, 

For the WH’tmd Inxly K a M(40U 4 20O 4 ) 

B x loo 4 x 174*; 

. F ( tnsu 

m M *•? i • 

* * « a i n ? f 

*0 I # o 

8. Find approximately the thermal curium ity of a Hock of iron 1 em. cube, 
specific heat *12, and density H, if it takes f» min. to cool from till' <\ to CHT 0. in 

an enclosure at 0“ O. 

Total heat emitted - 8 x ’12 x 10 • 0*0 tmitx. 

Heat emitted per second * IH1 l 800 ll’l’i tmit. 

„ „ „ jH'r unit area ’O0.V1 unit. 

The average tmmher of degrees difference 

tmtween the hot Ixsly and tint enclosure *»f» dcgrcca. 

Kmismvity (Art. Bill) *00*13 ; f*fi .. 'CHS0I nearly. 

QUESTIONS AND KXKHHSKS 

1. Trace the analogies, as far as they have lwen ejq*erimentaUy determined, bo- 

tween luminous anti non luminous radiation, 

2. How would you investigate the laws of reflection and refraction of dark 

radiation f 

3. How can the length of a dark my fm determined t 

4. Explain the fact that tho quality of the radiation maide an enehamre at a 

uniform temperature is indejamdimt of the nature of the mirfaee. 

5. Write a shorts aoeount of the variation of the radiation from a hot Ixaly with 

the temperature. How may a standard radiator t*e produced ? 

0. The term “radiant heat” is sometimes applied to the radiation from a hot 
body. Is the terra appropriate f Oi\o reason* for your opinson. 

7. Describe experiments by which tho positions of the &l*iorptinti imncla in the 
extrema infra-red due to such substances m quarts and fluorspar have been 
determined. 
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Gr TKMPEEAT 
priori of the mercurial 
motor, the instrument by which, owing to its great practical con¬ 
venience, ordinary temperatures are usually measured, its use being 
based on the assumption that change of volume may be taken to 
register change of temperature. It has been pointed out in sub¬ 
sequent chapters that other properties of bodies change with the 
temperature according to laws more or less accurately known. Any 
one of these may furnish the basis of temperature measurement. 

f measuring temperature: 

(i) By change of volume, the substance being solid, liquid, or 
gaseous. Of liquids the most commonly employed are mercury, 

ss, and 

jjasos, an*, nitrogen, or hydrogen, contained witmn a glass or 
udain reservoir. The rough indications afforded by solids are 
illy bused on change of length. 

(ii) By change of pressure of gases. 


This is a calorimeter method. 

(iv) By change of electrioal properties; either of the thermo¬ 
electric force, or of resistance, as in the wise of Langley’s bolometer 
and the platinum thermometer. 

(v) By the radiation emitted by a hot body. 

188 . LIQUIDS AND SOLIDS AS THERMO METRIC SUB- 
STAN(- ES. - Ah to these the following observations must be made. 


auon, wmen 
then divides 
sis the moan 
imits. And 
efficient. It 
m coefficient 
at any two 
of course in 
istance leads 
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sion peculiar to itself in regard to the extent of its deviation from 
simple proportionality to the temperature. Therefore two ther¬ 
mometers of different substances cannot agree in their indications 
anywhere except at the fixed points. 

189 . Choice of a Thermometric Substance. The theory of heat 
does not enable any rational explanation to be given of thermometers 
which purport to measure temperature by the change of volume of 
a solid or liquid. 

A more rational supposition is that the rise of temperature of 
a body is proportional to the heat absorbed by it. Dulong and 
Petit therefore compared the changes of volume undergone by dif¬ 
ferent bodies when heated with the quantities of heat absorbed in 
the process. They arrived at the conclusion (hat (he change of 
volume was not proportional to the heat absorbed in the ease of 
solids and liquids, hut that this proportionality hold good in the 
case of the permanent gases. 

In Rognault’s determination of the alwolute expansion of mercury the temper¬ 
atures wore measured by the air thermometer, and the results allowed of a com¬ 
parison between air and mercury. 

Temperature ah mmoATKu ry 


Volume of 

Volume of 

An Air 

A Mercury 

Air. 

Mercury, 

Thermometer. 

Thermometer. 

0“ 0. 

0*000" V, 

, 


40“ 

89*67" 



80° 

79*78“ 



100" 

100*00“ 

100*00 

100-00 

160“ 

161*88“ 

160*00 

159*74 

220“ 

228*67“ 

220*00 

219*80 

280" 

287-00* 

280*0(1 

280*52 


The first two columns are a eomjnuriHon of idwolute volume^ the last two of 
actual readings. Thu latter is useless except for the particular mercury thermo¬ 
meter employed, since the indications of the latter instrument vary with the kind 
of glass of which it is made. 

Theoretical reasons thus point to air or one of the more per¬ 
manent gases as the best thermometrie milmtunce. 

The conditions that should he fulfilled by a good thermometric 
substance are as follows:— 

(i) In order that the thermometer may enable m to compare 
quantities of heat, the changes of volume produced by equal inere- 
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ments of heat, should be the same at all temperatures, i.e. the coefficient 
of expansion and the specific heat should be constant, i.e. independent of 
the temperature, as measured on the absolute scale. 

(ii) In order that the instrument may be sensitive, the substance 
should expand considerably and rapidly on a small addition of heat, 
i.e. it should have a large coefficient of expansion, small thermal capacity, 
and high conductivity. 

(iii) In order that the thermometer may be of general use, the 
substa,nce should retain the same physical state through a wide range of 
temperature, 

190 . TEMPERATURE MEASURED BY THE TNDICA- 
















unsuitable substance, because with a temperature range of only 100“ 
it has a high thermal capacity and a temperature of maximum density. 
Moreover it adheres to glass. 

For low temperatures use has often been made of thermometers 
containing alcohol, chloride of phosphorus, or sulphide of carbon, the 

graduation of the instruments being usually made by comparison 
with the air thermometer. Tin- rallies - l'U), - ill, and — l Kf 
have been given as the temperatures at which, according to the 
indications of the hydrogen thermometer, flow liquids respectively 
solidify under atmospheric pressure. 

Alcohol is slower in its action than mercury bemuse it is a worse 
conductor. The degrees on its scale are made longer at the higher 
than at the lower temperatures, because there is n considerable im 
crease in its rate of expansion with rise of temperature (Art. <W>. 
Toluene, petroleum ether, and pentane are also Mutable liquids that 
can be relies! on down to temperatures approaching ■ I Pi) {\ 

192. The Mercury Thermometer. Liquid mercury has a fairly 
wide range of temperature* 11 low thermal capac ity, is a good eon 
doctor of heat, does not adhere to gifts*, and nut) easily be obtained 
pure. Its meftiekmt of expansion and specific heat are not quite 
constant. As to the coefficient of ex|mn*i<m, huwe\er, it may 1m 
noted that (with glass and mercury expand more quickly at high 
than at low tern jmratu res. The alts*bite amount of expansion of 
mercury between W and 1 (H)", for example, is at*out It per cent 
greater than the ex|*ansion between il and I , but the capacity of 
the glass envelope is also larger at the higher temperature; m% that 
between 0 and KKf the rate of apparent expansion of the mercury 
is nearly uniform. 

One of the most important desiderata in theitnometry, ux, the 
comjiarahility of temperatures m registered by dirteront instrument*, 
may be fulfilled with tnercnry thermometers if eeitain piecautums 
\m ohMorvcxh 


We have ftlrirndy mmi (Art. 7) that allowance must f*e tiiiidn for 
inequalities in the Imre of tins stem, for ilex latton ftom the standard 
height of the Immumim' whet* the hotimg point 1* marked, and for 
the tomjmratura of the stein when that k not the mime m that of the 
bull). The heat capacity of the thermometer needs to be allowed for 
in exjHirimnnt* where that is likely t<* lower the tcm|»«rititire that is 
to be tmimmred, Tlnir© m aim it cmrutin lug in the movement of the 
mercury in the cane of it rapidly changing temperature, mill the »t©r* 
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eury moves in jerks owing to the surface tension between the liquid 
and the glass. Avoidance of parallax in taking any reading is also 
essential to accuracy. 

Glass.—A very important matter in the construction is the choice 
and treatment of the glass. Great discrepancies may otherwise occur, 
especially at high temperatures. With all mercury thermometers 
there takes place, after heating, a gradual contraction of the bulb, 
whiedi leads to an error in the position of the zero. In every impor¬ 
tant measurement it is necessary to take the zero reading before the 


in question. Observations made on Joule’s thermometers at 

*on 
he 



working effect. 

If the bulbs are blown on the tubes certain constituents of the 
glas» in the bulb are thereby vaporized, and there is thus produced 
a difference between the bulb and the stem. The bulbs are there¬ 
fore sometimes made separately of thinner glass, and are afterwards 
welded on to the stem. 

Annealing. -In every thermometer that is intended to indicate 
temperatures over 100“ G. the glass should be annealed by being 
kept for several days at a temperature of about 450° G. and then 
gradually cooled during three or four days. 

Prewnre.—-Mercury thermometers intended to measure high tem¬ 
peratures have, in the space above the mercury, nitrogen or carbon- 








dioxide gas at high pressure. For temperatures up to 300° C. a 
pressure of 1 atmosphere is sufficient, for 450'’about 44 atmospheres, 
and for 550° about 20 atmospheres. This great internal pressure of 
course increases the size of the bulb, and such thermometers need 
special graduation. Hut the boiling-point of sulphur is known very 
accurately as 444*6° 0., and such points enable the thermometer to 
be correctly graduated. 

The readings of sensitive thermometers are also affected by the 
pressure of the mercury, which tends to enlarge the reservoir. The 
extent of the error due to this cause may be found by comparing 
readings of the thermometer at various temperatures, first in a hori¬ 
zontal and then in a vertical position. Pressure on the outside also 
affects such thermometers. To find the error duo to this cause the 


th 
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with mercury, which also extends a short distance up the vertical 
glass tube. The indications of the instrument are interpreted in the 
following manner. The globe being in molting ice the clamp D is 
raised or lowered until the mercury above B stands at a fixed mark. 
Then the pressure of the air in the globe is measured by the sum of 
the height of the barometric column, and the height of the mercury 
surface F above tho fixed mark. 

If A bo then raised to some higher tomperaturo, the clamp D is 
raised until the mercury again stands at the fixed mark above B and 
tho pressure of the air in A 
is again obtained. 

Tho relation between 
these pressures gives the 
relation between the tem¬ 
peratures, of which tho first 
is known. / 

In this instrument the |(n a 
tube AB should bo of small 
boro, otherwise at rather 
high temperatures a some¬ 
what uncertain correction 
becomes necessary owing to 



















and at absolute temperature B rosf actively, and t» the volume of the 
expelled mercury, we have 



The constant-pressure thermometer has the disadvantage that its 
sensitiveness changes somewhat with the change of volume of the 

gas, and the constant-volume thermometer that the volume of the 
bulb increases with change of pressure. 

Investigations have recently been made by Hoi born and Day as 
to the best material for the reservoirs of gas thermometers. For 
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temperatures up to about 500° 0. bulbs made of 59 TXI Jena boro- 
silicate glass and containing hydrogen proved very satisfactory, the 
zero keeping constant after repeated heatings and coolings. Porce¬ 
lain bulbs containing either hydrogen or nitrogen were unsatisfactory 
at such temperatures as 1100 ° C., the zero rising and the expansion 
being of a changeable character. The glazed surface of the porcelain 
melted at about 1100 ° 0., and at about 1450° C. the porcelain itself 
softened. With bulbs of platinum it is found that at high tempera¬ 
tures hydrogen passes through the platinum but nitrogen does not. 

For temperatures such as those mentioned, they found that a 
platinumdridium vessel containing nitrogen was most free from 
such defects; but even with this arrangement, in some cases com¬ 
bustion products passed through the bulb wall. Hence investiga¬ 
tions at such temperatures as 1 IOC C. to 1400° C. are best conducted, 
whenever possible, in an electrically heated furnace, which may be 
filled with a gas that is chemically inert. 

The air thermometer is inconvenient for general use, as for 
each temperature a delicate experiment is necessary. In practice a 
method often adopted is to compare the liquid thermometer with 
the air thermometer within the limits of the readings which are 
actually taken by the liquid thermometer. 

The absolute scale as realized by the constant-volume hydrogen 
thermometer appears to be the best ultimate standard to which all 
others are referred. 

194 . Deville and Truest in their investigations on vapour densi¬ 
ties determined their high temperatures as follows. 

They placed some iodine within a porcelain reservoir which had 
a fine neck that projected from the furnace. As the iodine passed 
into vapour it was driven out, carrying the air with it. When all 
the iodine was vaporized the neck was sealed and the instrument 
removed and cooled. The quantity of the iodine inside was then 
determined by weighing; the volume of the reservoir was known; 
the relative density of iodine vapour is 8*7. At the high tempera- 
tures employed, iodine vapour obeys the gaseous laws very nearly 
as accurately as air. From these data, therefore, the mass of air 
occupying a known volume at a known pressure (given by the 
barometer) is approximately obtained, whence the temperature is 
deduced. 

Itegnault employed the same method, his reservoir being of iron 
and his vapour that of mercury. The reason for employing heavy 
vapours in such experiments is that the errors of weighing bear a 




smaller ratio to the mass to be weighed, and the result is therefore 
more accurate. The method is evidently applicable only to the 
determination of some one particular temperature. 


195 . ELECTRICAL METHODS.- At temperatures below about 
150° C. the permanent gases deviate so much from Hoyle’s law 

that their use as thermometrie sub¬ 
stances involves special investigations. 
Electrical methods have been resorted 
to for the estimation of such tempera¬ 
tures, as well as of very high tempera¬ 
tures. 

Variation of Electrical Resistance. 
--The electrical resistance of metals in¬ 
creases with rise of temperature (Art. 
id4). Owing to the extreme precision 
attainable in electrical methods of 
measurement it has been proposed to 
utilize this property of metals to in¬ 
dicate temperature, and with this object 
in view the behaviour of platinum has 
been especially studied. Sir Wm. 
Siemens' pyrometer consists of a plati¬ 
num wins whose resistance r 0 at (f 0 . 
is accurately known, wound on a small 
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Fig. 141 shows one of these thermometers. In some of the more 
recent forms a thin platinum wire is wound on a rod of quartz, 
which is then introduced into a thin tube of quartz, to which it is 
fused, so that the wire is embedded in quartz, a material which is 
capable of withstanding abrupt changes of temperature. The wire 
is surrounded by protecting tubos of various materials, such as 
asbestos, porcelain, or steel, according to the degree of necessity for 
protection from destructive gases or mechanical injury which may 
occur in its use. Thick leads connect the wire with the terminals 
at tho other end of the instrument, and two similar compensating 



loads connected to each other at the end also run throughout the 
length of the tube to two other terminals. Such instruments are 
used to measure temperatures from — 150° 0. to about 1200° C. or 
1400*’ G., and within their range give accurate results. 

The method of connecting the instrument to its electric circuit 
is shown in fig. 142, The ratio coils arc of equal resistance. The 
resistance of the thermometer coil p is generally adjusted so that 
between 0" C. and 100° G. the change in its resistance is exactly 
I ohm. Of the two variable arms of the Wheatstone’s bridge one 
contains the thermometer wire P, its leads, and a portion of the 
bridge wire; the other contains balancing resistances, compensating 
leads, and the remainder of the bridge wire. Tho “ice bobbin” 
shown is a coil that possesses exactly the same resistance as does 
the thermometer wire P at 0° C., so that any resistance added to 
this arm indicates the change of resistance of the thermometer wire 
(om) is 
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1 ohm indicates 100' rise in temperature, the temperature reading 
is obtained by simply regarding each *01 ohm an a degree. These 
temperatures thus read arts however, on the platinum scale. This 

scale is obtained as follows. 
A horizontal lino is drawn, 
and marked in degrees (jfig. 
y/ l Id). 1 he resistance of the 

y/ wire is accurately determined 

yP at 0 (1 and 100 (l, and ordi- 

/ nates a anti n art*, tlrawn re- 

/ presenting these values. The 

y''® ^ B C line i\> is then tlrawn, anti 

y/ continued in both directions. 

^y When thi' valuta of the resist- 

- 2 oo u -ioo w o u ioo 4 oa‘ iinn * * H 1 i^dicated by <j, 

i%, un the temperature on the plati¬ 

num Health in 200*. To com¬ 
pare temperatures on the platinum seale with those on the gas scale 
a reduction is therefore necessary, which is given hy the formula 


8 having the value 1*5 for pure platinum, r being the temperature 
on the platinum scale, and d the correction required. 

The following figures illustrate tin* divergence between the 


Hatimna HmUn Own Hoilo. I llutinnm KnUr* Uua Hnth» 


0 ” 0 . 
4i Hf 
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i •* t < 

afA * ® I I \ •** 

t.nHi’ 
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Barker anti Ohappum on commring one of these thermometers with 
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towards an asymptotic value below which no further cooling reduced 
them, the law which holds for higher temperatures not holding good 
for very low temperatures. Gnnes also found that a special formula 
was necessary for platinum and gold thermometers below — 100° 0. 


Hence the resistance thermometer is only of limited usefulness for 


measurement of very low temperatures. 

The resistance thermometer is especially 
valuable for the measurement of temperatures 
(within its limits) in inaccessible places, since 



the leads may be brought any distance to the 


instruments. Thus they have been used to 
obtain records of the variation of underground 
temperatures, as they may be left buried for 
years and their changes indicated by a recorder 
tracing a line on a revolving drum. 

Thermo-electric Couples.-— When the law 
connecting the thermo-electric force of any 
couple with the temperatures of the junctions 
is accurately known, such a couple may in turn 
be used to measure temperatures. (Art. 135.) 

If one junction is at 0° 0. and the other at 
t° 0 ., then the electro-motive force is repre¬ 
sented by the formula 

log E = A log r + B 

where E is the electromotive force of the couple 
in millivolts, and A and B are constants. For 
a couple of platinum and platinum-rhodium the 
approximate values are of A = 1*19 and of B 
= -52, and for other couples the constants are 
of the same order of magnitude. 

To measure moderate temperatures in inac¬ 
cessible places, such as the bottom of the sea, 
it is only necessary to place one junction at 
the place in question and the other in a bath 



Ffg. 144 


the galvanometer in 
perature of the two 
bath being of course 




or twisted or stretched or hammered behaves to a piece that has not 
been thus treated as though it were a different metal, and the un¬ 
certainty attaching to this may amount to 10 per cent of the quan¬ 
tity to be measured. 

The form of a thermo electric thermometer’ is shown in fig. 144. 
The two wires are enclosed in a porcelain tube, and if necessary this 
is surrounded by an outer tube of steel. The wires are connected 
to two terminals at the head of the instrument, by means of which 
it is connected to its electric circuit. 'Hus may be a considerable 


potential between n and the extreme terminal of It is tha 
standard coll, and the fall along the measured distance mi 
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known. If now the contact P be moved to n', and the contact L 
adjusted so that the galvanometer shows no deflection, we know 
the elcctromotivo force produced by the thermo-couple T from the 
length of the wire nh included in its circuit, and the temperature is 
calculated from the equation given above. 

For temperatures up to 500° C. a copper-constantan couple is 
best, as it gives a larger potential difference per degree; one of 
platinum and platinum-iridium maybe relied on up to 1000° C., and 
one of platinum and platinum-rhodium to about 1400° C. Berthelot 
compared the results from two different couples for five melting- 
points and eight boiling-points up to 1100° C. and found that they 
did not differ by more than 2° C. He determined the constants A 
and B above by taking observations of E at the melting-points of 
zinc and gold, which may bo regarded as determined at 419° C 
and 1004° G. respectively. 

196. Radiation Pyrometers. —In this class of instruments the 
temperature of a source of radiation such as a furnace is deduced 
from observations on the radiations that it emits. There are two 
chief forms of radiation pyrometer. In one form the whole radiation 
of all wave lengths that is received by the instrument is concentrated 
on some form of thermometer, and the basis of the temperature 
determination is the Stefan-Boltzmann law (Art. 183) 

E = a(6* - ft,**) 

where E is the energy radiated by a black body at absolute tem¬ 
perature 6 l to another body at absolute temperature ft,, and a is a 
constant depending on the units employed. 

The other form is photometric, and uses only radiation of one 
wave length or of a small group of adjacent waves. 

The photometric instruments compare the intensity of the red 
light rays emitted from the source with the intensity of the red rays 
given by a standard lamp. By using only these rays the complica¬ 
tions that ensue owing to the changes that take place in the light 
radiations, and therefore in the colour of the light, as the tempera¬ 
ture of a body rises are avoided. Red light has also tho advantage 
that it is the first to appear as the temperature of a body rises, and 
hence the instrument begins to be useful at the comparatively low 
temperatures at which luminosity begins. The wave length of the 
red light which corresponds to the hydrogen line (X = ’ 656 /A is a 
convenient standard. 

As the temperature of a hot body rises the intensity of the 
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particular radiation selected increases, according to Planck’s law (Art. 
184). Thus tho relation between two temperatures becomes known 
from the relation hotwoen the intensities of the red light emitted. 
In making tho comparison, if and K, are the. intensities of tho 
light emitted at absolute temperatures 0 l and (L, 

4l , R, 0(1 n 

then loir « ~ 4 —• > 

M li, A (fl, f/j 

where C is a constant. Tho constant O is determined by taking 
observations at temperatures which are measured by a gas thermo¬ 
meter or standardized thermo-couple; and having boon determined, 
is in turn used to find 6 X when is known. 














eouple give the temperature of the source of radiation. The then 
couple is made of copper-constantan arranged in the form of a cr< 
from which two brass strips db lead to the terminals b, V. The p 
tion of the mirror is capable of adjustment by the rack and pit) 
i\ On looking 
through the eye¬ 
piece o (the concave y . 

mirror is, of course, , ,|; vf 

pierced at the con- ijj j| 

tro), the thormo- 11 - T 'TimMf 

couple is seen in the ^4ll M !/■.WiP 

form of a black disk uffiJIB. ill wit 

in the centre of the y {| Wihf/ nSTW^ 

hold of view. The ' 1 fl v Bjj jPj Wir>S/ 

instrument is turned pi || if —^ 

on to an observation > ||||| L 

hole in a furnace xfi/imifll* ftp 

wall fig. 14T, and ''I iMIl'Im 

the mirror is ad- 1 

justed till an image 

of the hole slightly 71 m In wWW || T 

larger than the black 'U IImt y 

disk is formed cm 'j'j' 1 m / / 

the disk. Under 7 1 V' 

those conditions the 1 

rise of temperature I 

of the thermo-couple I 

is proportional to I 

the amount of I II! 

radiant energy that ri * 147 

enters the telescope 

tube. When measuring very high temperatures, such as 2Q0Q C 
a diaphragm is placed so as partially to cover the aperture of 
telescope, thus reducing the readings in a simple known ratic 
If the radiation pyrometer be turned successively on two b 
bodies whose absolute temperatures are 6 } and 0. p and if the de 
tions of the galvanometer are d x and d 2 , then 

4 u 


El 


Fig. 147 






C., the temperatures recorded by the thermo-couple differed from 
dilated from 


>er c< 


being greater than 1 G" 0 . 

In the Ffry spiral 'pyrometer the thermo-couple is replaced by a 
compound spiral (Art. 190) about 3 mm. in diameter and 2 mm, 
wide, composed of platinum and silver, of the form shown in fig. 148. 
The spiral is fixed at its centre, and the free end carries a light alu¬ 
minium pointer which moves over a dial on which the temperatures 
are marked. A small reflector is placed at the back of the spiral to 
reflect back on to the spiral any rays that may 
A pass through its convolutions. The graduation oi 

the instrument is accomplished by observations at 
the fusing temperatures of bodies whose melting- 
points are known, or by comparison with a stan¬ 
dard thermometer. 

197 , The F4ry absorption pyrometer is a 
photometric instrument, in which a comparison is 



intensity to that of the lamp filament whose tom 
perature is known. The coefficient of absorption 
of the glasses having been obtained for the wav< 
Fig. 148 length used, the required iemjximture is oh 
iained. 

A section of the instrument is shown in fltr, 149. The tube oc 
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is effected by sliding the glass absorbing wedges P, p' towards or from 
one another until equality in the two lights is produced; and the 
scale of temperature is carried by the pinion which moves these 
wedges. A, A arc absorbing plates which, by reducing one or other 
of the two sets of rays in a known ratio, serve, when required, to 
vary the scale of the instrument. H is a screen that protects the eye 
from glare. This form 
of instrument is espe¬ 
cially useful for measur¬ 
ing the temperatures of 
bodies that are small 
but very hot. At o' is 
shown the appearance 
whon a white-hot cru¬ 
cible is in the field of 
view simultaneously b 
with the lamp. 

The Wanner pyro¬ 
meter is based on the 
same principle as that 
last described. The in¬ 
strument selects from 
the rays emitted from 
the furnace those of a 
certain wave length, 
and compares them with 
the same rays emitted 
from a standard lamp. 

The selection of the rays 
in this instrument is 
effected by a direct- 
vision spectroscope. The rays are then polarized, and arrange¬ 
ments are made such that each sot of rays forms half the field of 
view of the telescope. By moans of an analyser the brightness of 
the more intense set of rays is reduced to that of the less intense, 
and the amount of rotation of the analyser serves to give the 
relation between the temperatures. 
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lamp. The current through the lamp is then adjusted till the 
filament becomes invisible on the background of the souroo (the 
temperatures being then the same), and its value is read on a 
milliammotor or sensitive galvanometer. The temperature of the 
filament is thou deduced from the value of the current, through it, 
which is road on a milliammeter in circuit wit h the lamp and its 


battory. 

The connection between tins temperature of the filament and tho 
current is independently determined, the general relation being 

O .rs a fir + yr” 


where r is tlx*, temperature of the filament. Three measurements of 
G at known temperatures give the three constants, r should not go 
beyond 1500° G. The lamps must be aged to get their permanent 
condition. 

When tho hot body whose temperature is required is not con¬ 
tained within an enclosure the walls of which are at the same 
temperature as itself, the reading obtained by a radiation pyrometer 

* «... . i »r 2 .\. .. i. „ ......f *1... ..~ : n 
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Four determinations of the boiling-point of sulphur, made by 
Rothc by means of mercurial thermometers having above the 
mercury, carbon dioxide under 20 atmospheres pressure, gave value 
444'60°, 444*63°, 444*79°, and 444*82°. Measurements with a stan¬ 
dardized thermo-junction gave a mean of 445°. Chappuis obtained 
the value 444*7°. 

For mdting-pointe up to about 1200° C. concordant results are 
obtained by different observers when the heating is done electrically 
and the temperature measured by a gas thermometer. Thus for the 
melting-point of gold dacquerod obtained the value 1067°, Berthelot 
1065*6°, and llolborn and Day 1064*3°. The method of Holborn 
and Day was to heat a large quantity of the metal in a crucible in 
an electric furnace whose temperature was measured by a thermo¬ 
couple. 

Another method was to take a piece of the metal in the form of 
a short thin wire, wold its ends to two thicker platinum wires, and 
join those wires in an electric circuit which also contained a current 
indicator. The metal under investigation was placed in a heating 
chamber side by side with a thermo-couple, and tho temperature of 
the chamber was slowly raised until the metal fused, and broke the 
el or. trie circuit. Tho indications of tho thermo-couple just before 
the breaking of the current gave the temperature. 

In another method a suitable metal block was placed in a heating 
chamber, and small fragments (about *1 grm.) of the substance whose 
melting-point was required were dropped on the block. The lowest 
temperature at which the substance melted immediately on touching 
tho block was taken as the melting-point. 

In order to determine the melting-point of platinum, Darker 
wound a spiral of nickel wire on a cylinder of hard porcelain. By 
means of a current of electricity through tho wire tho temperature 
of the cylinder was maintained at about 1000° C. Inside this 
cylinder was placed a second tube, made of the materials of which 
the filaments of Nernst lamps are composed, which conduct elec¬ 
tricity when hot. A current passed through the inner Nernst tube 
raised it to a very high temperature, and provided in its interior a 
hot chamber in which, by varying tho current, any temperature up 
to approximately 2000° 0. could he maintained. In this chamber was 
placed a thermo-electric couple made of a platinum wire and a pla¬ 
tinum-iridium wire, and another composed of platinum and platinum- 
rhodium. The cold ends of the wires were connected to a suitable 
potential-measuring instrument, and the readings of the instrument 








recorded at points betwecm 400“ C. and 1250 (h, the temperature of 
the hot chamber being recorded by cither independent means during 
this stage of the operations. From those observations was deduced 
a formula showing the variation of the electromotive force of the 
thermo-couples with the temperature. The temperature of the inner 
chamber was then raised until the melting of the platinum wire 
broke the electric circuit of the thermo couples. The value of the 
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and determined the constants a, ft, and y. Thus they could calculate 
the temperature of the lamp at any degree of brightness. Then 
turning the radiation pyrometer on to the interior of the furnace 
in which the metal was melting, they compared its brightness with 
that of the lamp whose temperature was known. The temperature 
of the furnace was then calculated by Wien’s formula connecting 
the relative temperatures of two sources emitting monochromatic 
radiation of diHeront intensities. 


They found the melting-point of platinum to be 1753° C. They 
also determined the melting-points of palladium as 1546° 0., tan¬ 
talum 21)10" 0., and tungsten 3080" 0. 

In another series of experiments Burgess stretched a thin strip 
of platinum in a blackened brass cylinder which was filled with 
pure hydrogen. On the strip was placed a very small piece of 
metal, and the strip was heated by an electric current. In the 
cylinder was a mica window by means of which the piece of metal 
was observed. At the moment when viewed through a telescope 
the metal was seen to melt, temperature observations were taken 
by a llolborn Kurlhaum pyrometer. For iron in different states the 
values of the melting point varied from 1499° to 1507°; cobalt, 14(54°; 
nickel, 1435”; chromium, 1488“. 


Employing practically the same method, but replacing the 
platinum strip by a Ncrust glower, Mendenhall made the melting- 
point of rhodium 1907“ ami of iridium 2292”. Warfconberg, using 
the Wanner pyrometer standardized by taking as known the 


melting point of gold, and using the Wien Planck formula, made 
the melting point of tungsten between 2800° 0. and 2850" 0. 

To estimate temperatures such as those at which many of the 


metals boil, a radiation pyrometer is the only instrument available. 


Greenwood, using a Wanner pyrometer, made the boiling point of 


copper 2310" (l Moissan, using a current of 300 amp. at 110 volts, 
distilled 300 grm. of copper in five minutes, and determined the 
temperature of vaporization m 2100” (l The distillation of gold 
required a current of 500 amp., and the temperature was deter¬ 
mined as 2530 (l under atmospheric pressure. Moissan has also 
succeeded in distilling titanium at a temperature which was deter¬ 
mined as 3500' Cl This last temperature was that of the electric 
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Temperature of the Sun. By eom|mring the energy of the radia¬ 
tion from the mm with that proceeding from some hot body whose 
temperature w known, the temperature of the surface of the mm is 
calculable by Stefan h law, 'l‘he results obtained vary from 6200' A. 
(absolute) to 7000 A. Ah calculated by W ions law, tin* temperature 
of the nun cornea out about bbCHI A.; but t he muu may not he a full 
radiator, and the application of the law would therefore give a value 
below the actual temperature. 

199 . For the determination of very low temperatures, Ihswac 
and Chines have generally employed the hydrogen thermometer ora 
thermocouple. From 27.1 A, to 171 A,, < hutes made much use of 
a eonstanlan iron couple. For temperatures much below thin, 1 tewar 
used conplen of various metals and alloys. The couples are usually 
graduated by comparison with it hvdtogen thermometer at three 
points, anti the three constants thus obtained gi\e it formula which 
is extended to lower temperatures. In one set of experiments to 
determine the temperature of boiling hydrogen Uewnr used a thermo* 
couple of platinum and Herman silver, Its indications gave the 
temperature as M'fV A., the hydrogen gn* thermometer recording 
14\T A, In another set, rciditnnee thermometeis gave; platinum, 
14° A.; gold, 24” A.; and plutimun rhodium, 41” A,; and the com 
stanbvolume hydrogen thermometer, 21 A. These figures illus 
irate the divergencies and difficulties of determinations of mich low 
temperatures. 

200 . The only rational theory of tern j m rat u re measurement is 
that indicated in (’hap. XXVI. The neatest pine!teal approach to 
theoretical perfection is attained hy the gittt thermometer. For 
investigations that include a wide range of temperature the hydrogen 
thermometer is best used throughout, but its use need* great skill 
at very low tarn prat mm 

Measurements of extreme tern fKirntu res made by pyrometers, by 
the spftcifkvheat method, and by the electric methods are to tie 
regarded m approximations only, ami this for two reasons, The 
variable quantity on which their indications depend has been 
generally determined hy experiments in which another thermometer 
was used, while the extension of the law of change of the variable 
beyond the limits within which it has Imm determined m very 
likely to introduce further error. 

aox, EXAMPLE, 

The Kmlti of a mercury thermometer agree* with the utmolnto urale *t 0“, HKT, 
md 20CP U„ but reads T too high at W Cl Amumiitw that tli« deviation (1>J 
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from the true scale expressed in degrees Centigrade can be represented by a 
cubic formula of the type 

D = ar 4 6r 2 4* cr 3 


when' r in the reading of the mercurial thermometer, find the coefficients a, b, 
and c, and calculate the value of 1) for 500° C. 


then for 500" 

I) 


ar + 6r 2 4- ct 8 = I) ; 

/. lOOrt 4* 100006 + 1000000c ^ 0. 

also 200a 4- 400006 4- 8000000c -r 0. 

also 50a + 26006 4- 126000c *1. 

From (1) and (2) 200006 4- 6000000c ~ 0. 

From (1) and (3) 50006 4 750000c - *2. 

<» ~ *000000266, 
and 6 -t -*0000798, 
and by substitution a ™ *00532; 

*00532(500) - * 0000798 ( 500 )* 4 *000000266(500)® 

2*6 - 19 9 4 33*2 

^ 14*9“. 


( 1 ) 

( 2 ) 

(3) 


CJUESTIONW AND EXERCISES 

1. What is an air thermometer? How is it constructed? and how is it used? 
What means have we Ixodes the air thermometer of measuring tempera¬ 
tures between 400“ anti 800' 1 0.1 

% A mass of eopjwir weighing 6 lb. is taken from a furnace and placed in 20 lb. 
of water at 1 O’. If their final common temperature is 25°, find the tem¬ 
perature of the furnace. [Hj»erifle heat of copper, *095.] 

B. A weight thermometer filled with mereury at 0“ O. weighs 302 grm M the vessel 
itself weighing HU grm. The thermometer is then placed in a hot bath, 
when 4 grm. of mereury are expelled. Find the temperature of the Imfch. 

4. Give some account of the precaution* which must be adopted to make it 

poxMihln to regard temjM^ratures given by the mercurial thermometer as 
accurate to a few thousandths of a degree. 

5. IHhcuhh the relative advantages of the constant*volume and constant-pressure 

tyjn« of gas thermometer, and enumerate the principal sources of error. 

6. Explain how the reading* of a thenmeeouple may be ml weed to the scale 

of a gas thermometer by means of eom|iarisons made at a limited numlnir 
of ieliaited jm untn 8 

7* Dettori l« the recent advances made in the method* of mercurial and electrical 
thermometry. 
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volocity is said to be variable, and the value at any instant is 
measured by the distance which would be passed over in unit time 
if the body retained throughout the unit time a uniform velocity 
equal to that which it possessed at the instant selected for con¬ 
sideration. 

204 . ACCELERATION.—-When a heavy body falls from a height 
to the ground, it falls faster in each succeeding than in each preceding 
second. Its velocity is said to bo accelerated. When a moving 
locomotive engine shuts off steam its velocity is gradually reduced; 
this is a case of retardation or negativo acceleration. When such 
a change takes place at a uniform rate, the number of units of 
velocity added or subtracted per second is called the acceleration. 
Since the velocity is expressed as so many centimetres (or feet) per 
second, the acceleration, which is the change of velocity per second, 
is expressed as so many centimetres (or feet) per second per second. 
The acceleration of a body falling freely to the earth in England is 
about 32*2 ft. per second per second. This is equivalent to 981 cm. 
per second per second. 

If in two minutes the velocity of a locomotive change from 60 Km. to 24 Km. 
per hour, then the diminution of velocity in 120 sec. is 3,(500,000 cm. per second. 
Whence the negative acceleration is 30,000 cm. per second per second. 


In British units a moving 
laxly possesses unit acceleration 
when its velocity undergoes a 
change of one foot per second. 


In C.G.S. units a moving 
body possesses unit acceleration 
when its velocity undergoes a 
change of one centimetre per 
second. 


205. MOMENTUM OR MASH-VELOCITY.—When one body 
A impinges on another body B which is free to move, the body B 
is set in motion. The quantity of motion communicated to B is 
taken from that previously possessed by A. This “ quantity of 
motion ” is not simply velocity, since it depends on the masses of 
the IxxlioH. If the body A be caused to impinge, at the same rate 
and under exactly the same circumstances on a third body C, whose 
mass is different from that of B, the velocities acquired by B and C 
will 1 >e different, the greater mass will have acquired the smaller 
velocity, and the smaller mass the greater velocity; but the product 
of the mass into the velocity will be the same in the two cases. 
This product is the quantity of motion, or, as it is usually called, 
the mass-velocity or momentum. If two unequal masses are moving 

( 0 27S) 19 
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with the same velocity, their momentum m different. The momentum 
of a moving body is the prod mi of Us mass a ml its velocity, 

Unit of Momentum. -A body has unit momentum when it in of 
unit mans and is moving with unit velocity, or when the product of 
its mass and velocity equals unity. 

The British unit of momen I The f'.f/.N. unit of momen¬ 
tum is that of a body whose turn is the momentum possessed 
mass is one pound mo\ ing by a body whose mass in one 
with a velocity of one foot, per gramme moving with a velocity 
second. I of one centimetre per second. 

ThuH the nxmmntum of a tmtly who*' mans m 20 ^rm, moving with a velocity 
of 50 cm. por mtconri is 1000 units. 

The momtmtum of a txHty woighing I cwt tuid muvm^ wtth a velocity of 
15 milns tui hour ( 2*2 ft. j»or wooio!) is 112 x 2*2 2 OH timts. 


206 * EOROK. From the idea of momentum we proceed to that 
of force, the two ideas being in dynamics \ cry closely connected. 
With the nature of Force we are not concerned; it is here 
regarded as that which tends to produce motion in n hotly at rest % or to 
change the motion of tt moving body either in direction or magnitude , 

Let ub imagine i gnu. of matter at rest in space screened 
from the attraction of other matter. Let a force act continuously 
on this mass for one second; it will itnfmrt to the mm a certain 
velocity. If the same force act on a mass of 2 grm. during 
one second it will give that mans a velocity half as great as in the 
first case, and ho on. But the momentum produced by this force 

. • f » * » *t .« * * . * j< 




motion when the force begins to act on it, the effect resulting from 
the force applied is exactly the mime m if the laxly were originally 
at rest. The momentum communicated will be in the direction in 


which thin force acta, and such direction may or may not coincide 
with the direction of the original motion. 

Tim fmas am of a farm is Urn momentum the force produces in its mm 

direction in unit time . The unit of force w that force which ^ acting for 
unit time m a unit mam originally at rest, at uses the mam in tmm mlh 
unit velocity^ or acMng cm any mm for unit time give* Urn mm unit 
momentum in ike direction of actum of the force. 
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Tho British unit of force is 
that force which, acting on a 
mass of one pound for one 
second, gives it a velocity of one 
foot per second: the name of 
this unit force is tho poundal. 

13825 dynes 


The C.G.S. unit of force is 
that force which, acting on a 
mass of one gramme for one 
second, gives it a velocity of one 
centimetre per second: the name 
of this unit force is the dyne. 

= 1 poundal. 


A mogadyno is a million dynes. 

Suppose an cuginn to Htart moving a train wlioso mass is 200,000 lb., and sup* 
pone after 10 see. tho velocity of motion of the train is 5 ft. per second, then the 
momentum of the train at tho end of those 10 sec. is 5 x 200000 = 1000000 units, 
and tho force oxortod by tho on^ino is therefore 1000000 -r 10 = 10000 poundals. 


Since the most obvious force in our experience is that of gravity, 
forces are commonly compared with weights, and we speak of a force 
as equal to the weight of so many grammes or a certain number of 
pounds; but this method is practical rather than scientific. The 
connection between this gravitation measure and the absolute measure 
given above may be thus shown:— 

Suppose unit mass to be held suspended in tho air. A force due 
to gravitation is tending to pull the mass and the earth together, 
and if the body fall, it is set in motion by this force. When the 
motion has lasted one second the velocity acquired is g, and since 
the masH is unity the momentum is also g. lienee the force which 
acted on the body is g. Tho numerical value of g is not the same in 
different latitudes. 

The velocity acquired in England by a body falling freely under 

the action of gravity is (very nearly) 


in British units 32-2 ft. per 
second. Whence a force equal 
to the weight of one pound is 
32*2 poundals. 


in C.G.S. units 981 cm. per 
second. A force equal to the 
weight of one gramme is 981 
dynes. 


Forces stated in gravitation measure may be converted into 
absolute measure by multiplying by the value of g thus * 

l jmund = g poundals. | 1 gramme = g dynes. 

Pressure. Suppose two equal forces to be acting in opposite 
directions in the same straight line towards any point. The result 

is a pressure. Wa often have to speak of the pressure of a gas; this 
means the value of the force on unit area, and is usually measured 







the force overcome by the distance through which its point of 

application ban mo veil 

Work » Forte x IVwimtt, 

Absolute Units of Work, (hit work in dtmt when unit forts w 
overcome through unit dkkmm* The practical unite of work given 
above involve the force of gravity. Hi nee this force in of different 
value at different parte of the earth* so that a foot-jxmnri of work 
l^ben done in Edinburgh is not prooisoly the name iw a foot jwmm] 
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done in London, for accurate measurements absolute units must be 
employed, which are the same everywhere. 


The absolute British unit of 
work is the work done when a 
force of one poundal is over¬ 
come through a distance of one 
foot. This unit is called a 
foot-paundul. It is nearly equal 
to the work done in lifting a 
mass of half an ounce through 
a vertical distance of one foot. 


The absolute C.G.S. unit of 
work is the work done when a 
force of one dyne is overcome 
through a distance of one centi¬ 
metre. This unit is called an erg. 
It is nearly equal to the work 
done in lifting a mass of one 
milligramme through a vertical 
distance of one centimetre. 


Units. 

inuTiHii Units. 

(JmvHutUm Motumvo. 

Absolute 

Moiwuro. 

Uravitation 

Moiumro. 

Almoluto Measure. 

1 p'rammo-uentinH'tre. 

1 gmmnic-motro. 

1 kilogrmnmo«metr<\ 

TOO t; 

100000 (f ergs. 

1 foot-pound. 

1 foot-ton. 

g foot-poundals. 
‘2240 g foot-poundals. 








m 


HEAT 


If the mass is dragged 30 ft., and the force of friction opposing the motion is 
equivalent to the weight of 70 lb., then the work done is 2100 foot-pounds. 

If a body travels freely along a perfectly smooth horizontal table, no work is 
done. The force of gravity is acting on the body perpendicularly, but the motion 
is horizontal, and no work is therefore done against gravity, and friction is absent. 


Friction is one of the most common modes by which mechanical 
energy is converted into heat. 

Let A and B (fig. 151) represent two bodies with horizontal sur¬ 
faces in contact. Then over the common surface and in a direction 
perpendicular to it there is a pressure or reaction w between the 
bodies. Let now a force / act on the body B in a direction parallel 
to the common surface, just sufficient to keep B in motion, then it 

is found by experiment that for the 

■f 

same two surfaces the ratio L is con- 

20 

stant. This ratio is here denoted by n, 
and is called the coefficient of Jcinetical 
friction. For ordinary substances, such 
as wood and metals, the value of n lies 
Fig. i5i between T5 and *6. Suppose that for 



two metallic surfaces n 


then this 


means that a mass B of one metal could be dragged over a hori¬ 
zontal surface of the other metal by a force acting horizontally and 
equal to one-fifth the weight of B. Since the work done is always 
equal to the product of the force by the distance through which 
the point of application of the force moves, writing s for the space 
through which the force / works in dragging a mass m along a 
rough horizontal plane, we have 


w — mg 
/. / = nmg 
W = fs — nmgs 


where W is the work done and g is the acceleration due to gravity. 

The coefficient n for a railway train on the level varies from 
tt 2 t0 tfo- Taking the former value, the work done in dragging 
a train whose mass is 300 tons through a distance of one mile is 

W = f°° x 2240 x 32-2 x (1760 x 3) 

= 1020096000 foot-poundals. 

Work done on or by a Gas. —Suppose a quantity of gas enclosed 
in a cylinder in which a piston works. Let the pressure on unit 
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area of the piston be P and the area of the piston A. Suppose the 
gas to move the piston through a length l. Then the work done 
is P X A X I units, which is equal to the product of the pressure 
(supposed constant) and the increase of volume. 


If P in measured in and V is measured in then W is-in 

dynes per Hq. em., c.em., ergs, 

grammes per sip em., c.em., centimetre-grammes. 

li>. per h<(. ft., e. ft., foot-pounds. 

Thus if 1000 c.em. of gas expands to 10000 e.cm. under a constant pressure of 
10° dynes per h<j. em., the work done = 1 ) x 10 9 ergs. 


then W is-in 


c.em., 
c.em., 
e. ft., 


ergs. 

centimetre-grammes. 

foot-pounds. 



208 , Graphical Representation of Work.—Since work is the 
product of force into distance, a quantity of work may be repre¬ 
sented by an area by choosing 
as axes two li 
angles to each otl 
ing off a length t 
to represent the 
length along the 
represent tho dis 
which the force 
The simplest 
in which the i 

Fig. 152 constant in value throughout 

the whole distance. 

Thus, if in fig. If )2 OF represent a force of 4 units working 
mgh a distance of (> units represented by oi>, then the work done 

e oikjf, whose area is 24 
i constant, but fall, at a 

J units, then of represents the force at the begin 

cl the area ODBAF ] 



of the small squares included in the area is one of the readiest means 
of obtaining a fairly correct result for the work done. 

Bupfwwe it m known that tho values of fclm force after six successive equal 
intervals are 3*23, *2*83, 2*4*2, 2*2, 2*1, and 2. Then setting up corresponding ordi- 







nates pe, qi &c„ and drawing a curve through tins points F, t, i, to, n, o, b thus 
obtained, the required area in marked out. 

According to Simpson's Rule the area of such a figure may l» obtained thus: 
Let the number of ordinates be odd; add together the first ordinate, the last 
ordinate, twice the sum of tin* other odd ordinates, and four times the sum of the 
even ordinates; multiply tin? sum thus obtained by one third of the common dis¬ 
tance t>etwoen the ordinates, 

According to this the atmvo area is 

4 x [4 + 2 + 2{2’83 -f 2*2} f 2*42 f 2*1 }) 15-8. 

For certain special eases the curve kwm» is one of the regular 
forms, and the area can he correctly ascertained. 


209 , ENKR(}Y.--''Ahwff/f/ is working rajHicity or the power of doing 
work , and, like work, is measured in ergs or foot potmdak 

Ifc requires an expenditure of work to net a mass of matter in 
motion, and the mass in coming to rest docs an amount of work in 
some form or other exactly equal to that spent upon it. 

Hence while the body was in motion it possessed the power of 


energy. 


doing work {potential energy). 

When a body is in the act of falling, its energy is changing from 
potential to kinetic. At the instant of reaching the ground all its 
potential energy has boon converted into kinetic, and on striking 
the ground the kinetic energy of the moving mass in converted into 
heat—another form of energy. During the fall the total quantity 
of energy (kinetic 4* potential) remains constant; one increases 
just m much as the other decreases. A vibrating pendulum is an 
example of continual interchange of kinetic and potential energy. 

Human operations consist in the transference of energy from one 
body to another. 

Energy of a Moving Body,- . Huppoao a mans m to be raised 

through a height *, then the working force is and the distance 
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being x feet, W the work clone on the body is gms units. Therefore 
if the body bo allowed to fall freely the energy possessed by the 
body at the instant of reaching the ground is gms units. 

But it is known that when a body falls from a height s the 
velocity v acquired on reaching the ground is given by the equation 

v 2 = 2gs t 

whence s = f ; 

2 g 

and, substituting this value for s in the above expression for the 
work done, wo have 

W = gm x = Imv 2 . 

2 g 

The expression h,mv 2 is the value of the mechanical kinetic energy 
of the mass m moving with a velocity 

This important result may be arrived at in a more general way. 
Thus, suppose a mass of matter to be at rest in space far beyond the 
reach of the attraction of any other matter. Lot this mass bo m 
grammes, and suppose a force of/dynes to act upon it for i seconds, 
producing in it a velocity of v centimetres per second, and during 
these i seconds suppose the body to have moved through s centi¬ 
metres, then we have 

(i) Work done ; - fs ergs. 

(ii) Since the average velocity is lv centimetres per second, and 
the time t seconds, therefore s IvL 

(iii) Since the momentum produced in t seconds is m?;, there¬ 
fore the momentum produced in one second is , and this is 
equal to / therefore f - 

Therefore the work done 

W - fs inv x hi = hnv 2 . 

J i 

An to the units it must be remembered that if we have 

Miuw TO | velocity V then Energy 

in pounds* | in feet |n*r m-ccmd, is in foofc-pmmdals. 

in griiinmes, in mjttrootrtu jHir second, is in ergs. 

2X0. POWER. — Power is the rate tit which a rnacMm or agent 
Mtm work. U m measured by the number of units of work done in unit 

time . 
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A horse-power is 550 foot-pounds per second. 

A watt is the equivalent of the joule—i.e. 10 7 ergs per second; 
1 watt = horse-power. 

2 ii. GENERAL PRINCIPLES OE THE SCIENCE OF 
ENERGY.—The principles of work and energy were originally 
derived from the study of machines. Practical mechanics, which 
preceded theoretical, was directed to the object of getting work out 
of machines. For many years much effort was expended in the 
attempt to discover perpetual motion—i.e. to find a machine that 
should work of itself, that should give out energy when none was 
supplied to it. All attempts failed, and these points gradually 
became clear—that a machine to which no energy is supplied can 
do no work; that a machine may multiply force but cannot multiply 
energy; and that the true function of a machine is to transmit work. 

Work is the product of force by distance; and in proportion as 
a machine multiplies the force applied to it, it divides the distance 
through which the point of application of the force moves. Thus, 
if hy a pulley a force equal to the weight of 1 lb. raises a mass of 
8 lb. against the force of gravity, then the force must work through 
8 ft. in order that the mass may be raised through 1 foot. 

In driving a machine at least as much work must be done on it 
as can be obtained from it. Mechanical energy cannot be created. 
This is one aspect of the principle of the conservation of energy. 
All the simple machines are conservative, and therefore all complex 
machines are conservative also. 

It was perceived, however, that in all machines there was an 
apparent loss of energy; no machine gives out as much work as is 
done upon it. This energy was for a long time supposed to be lost, 
but it was at last noticed that the disappearance of mechanical energy 
is always accompanied by the production of heat If, then, heat were a 
form of energy, the principle of the indestructibility of energy would 
be made more probable. The experiments of Rumford and Davy 
(Art. 5) led independently to the suggestion that heat was molecular 
motion, and therefore a form of energy. The investigations of 
Joule turned the suggestion into a certainty by proving that the 
heat developed when mechanical energy is destroyed is always exactly 
proportional to the energy that thus disappears . Friction is the chief 
mode of converting mechanical energy into heat. To these con¬ 
siderations must be added the fact of the existence “of heat engines 
such as the locomotive, the mechanical motion of which is wholly 
dependent upon the heat produced in the furnace. Heat thus is 
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proved to bo a form of energy. But there are other forms also, and 
it is necessary hero to allude to some of them. When a gun is fired 
a large quantity of energy is communicated to the shot, consequent 
upon the chemical actions that take place between the ingredients 
of the powder. As we have seen in Chap. XV, chemical action in 
general leads to a production of heat—i.e. of energy. Chemical 
atlinity is therefore a form of energy. 

If electrical currents be started in coils of wire suitably placed 
near each other, motion of the coils ensues, the energy of their 
motion being taken from that of the electric current. The coils 
also become heated by the passage of the current. An olectrical 
current is therefore a form of energy. When a voltaic cell is used 
to produce the current, the origin of the energy is the chemical 
actions going cm within the cell. 

Without attempting a complete enumeration of the forms of 
energy we may note the following as the chief: mechanical energy, 
electrical energy, the energy of gravitation, heat, radiant energy, 
the energy of chemical affinity. 

The sc hence of energy embraces three great principles— 

The Transmutation of Energy, 

The Conservation of Energy. 

The Degradation (or Dissipation) of Energy. 

(i) Transmutation of Energy. 

The first of those principles is that there are several forms of 
energy, and that energy may he converted from one form to another. 
From ex fieri manta such as those alluded to above, it appears that 
energy is readily capable of transmutation from the mechanical and 
electrical forms into the thermal form* In fact every kind of energy 
may he converted into heat, Other transmutations do not take 
place so readily m this. Many illustrations of transmutations of 
energy might be given. Thus the energy of a waterfall is sometimes 
employed to give motion to the armatures of dynamo machines by 
which it is converted into the energy of electrical currents, that may 
give out their energy either in the mochanitml or thermal form many 
miles away. The tides may ha thus utilised. Twice a day the sea 
Hies round our count* and if in falling it ware made to turn water¬ 
wheels, a vast amount of work mild his obtained. 

A twin may be regarded m a machine for transmuting the 
chemical energy contained in his food into mechanical work. Ho 
may work a treadmill which may turn the armature of a dynamo 



machine and thus produce an electric current. It might he arranged 
that this electric current in passing through a wire should heat 
the wire, in which case the energy would have passed from the 
mechanical into the electrical, and from the electrical into the 
thermal form. In any case the chemical energy contained in his 
food maintains the heat of his body. 


(ii) Conservation of Energy. 

In those transmutations of energy none is destroyed. Knmjy w 
alike, indednidible and tmcmdahk by any natural agency; the quantity 
of energy in the physical universe in absolutely fixed, lids principle 
is not capable of simple direct proof, hut " it is the one generalized 
statement that is found to he consistent with fact in all physical 
science” (Clerk'Maxwell). It was suggested by purely mechanical 


contained in a body at low temjjorature is one of the lowest. Heat 
contained in a body at a high temperature is more available than 
heat contained in a body at a low Umipemture, When energy 
passes from a more available to a lew available form, it is said to he 
degraded or dissipated. 

Such transmutations of energy as those mentioned above cannot 
continue indefinitely. At each change the available energy grows 
less, because at each step of the process some of the energy runs 
down into the lower form of diffused heat. Thus, for example, we 
cannot convert all the energy of a waterfall into mechanical work, for 
the water running away possewes kinetic energy, which is gradually 
dissipated, Le. it takes a form which we cannot employ for any use¬ 
ful purpose. We can always transform mechanical energy into heat, 
but this heat cannot be all transmitted lawk again into mechanical 
energy. 



itions consist in transformations of 
energy, **»«*«» »[)()«(« uuiiu when all the onorgy in the universe 
hits run down to the lowest form all such operations must cease. 
The law of dissipation of onorgy may bo thus stated: Any trans¬ 
formation of energy w accompanied by a degradation of energy. The 
more definite reasoning by which this principle is established -with 
regard to heat engines is given in Art. 293 . 

2x2. HXAMPLI 4 S. 

1. If a force equal to tho weight of 10 lb. act upon a mo m of 10 lb. for 
10 hoc.* what will bo tho momentum acquired? 

A force equal to tho weight of 10 lb. acting on a mass of 10 lb. for 1 sec. gives 


bullet 

Energy of th« bullet • 

■ 4 tan 1 

* | K /g X (1000)® 

.■ 81260 footpoundaR 



But thin titiorgy 

; work done by the jmwder 

ftverttg« force X distance 
/ X 3 


* 11/ 

« m *y 

* 31260 


• / ,* 

# # J 

# 

» 10416*0 pound al* 

* 333 lb, weight nearly. 
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EXEECISES 

1. Find the number of ergs in 1 foot-ton, having given 1 lb. = 453’6 grm., 1 ft. = 

30*48 cm., and 981 cm. per second per second as the acceleration due to 
gravity. 

2. If the velocity of a body increase every second at the rate of 10 ft. per second, 

how should the acceleration be expressed if. the units are 1 min. and 1 yd. ? 

3. Find the magnitude of the force which, acting on a mass of 3 kg. for 4J sec., 

gives it a velocity of 23 m. per second. 

4. Explain carefully what is meant by saying that a body is moving with an 

acceleration of 5, the units being feet and seconds. 

5. A force / acting on a mass of 5 lb. increases its velocity in every second by 

12 ft. a second; a second force f x acting on a mass of 28 lb. increases its 
velocity in every second by 7^ ft. a second; find the ratio of / to f x . 

6. Two bodies (A and B), weighing 10 lb. and 50 lb. respectively, are connected 

by a thread; B is placed on a smooth table and A hangs over the edge; 
when A has fallen 10 ft. what is the kinetic energy (or accumulated work) 
of the bodies jointly, and what of them severally? 

7. How would these answers be affected if the table were rough and if the 

coefficient of friction between B and the table were 0*1? 

8. Supposing the unit of force to be that force which acting upon 1 lb. for 1 sec. 

produces a velocity of 1 ft. per second; state the relation between the unit 
of force and the weight of 1 lb. 

9. An engine weighing 50 tons moves for half an hour at a uniform rate of 

30 miles an hour, the forces opposing its motion being equivalent to a 
weight of 15 lb. per ton weight of the engine. Find the work done. 

10. How much work is done in raising 80 kg. through a vertical height of 50 m.? 

Give the answer in ergs. 

11. A mass of 50 lb. is dragged along a rough horizontal plane for 10 min. at 

a velocity of 8 ft. per second. If the coefficient of friction is §, find the 
work done. 

12. How much work is done in bringing up the earth in boring a well 100 ft. deep 

and 10 sq. ft. in section if a cubic foot of earth weighs 3200 oz.? Give a 
diagram whose area represents the work done. 

13. How much work is done in one stroke of a single-barrel air-pump if the area 

of the piston is 10 sq. in., length of stroke 6 in., pressure inside 17 in. of 
mercury at beginning and 16 at the end (varying uniformly), and pressure 
outside 30 in.? 

14. A body, whose mass is 100 grm., is thrown vertically upwards with a velocity 

of 981 cm. per second. What is the energy of the body (1) at the moment 
of propulsion; (2) after ^ sec.; (3) after 1 sec.? 

15. A shot of 1000 lb. moving at 1600 ft. per second strikes a fixed target. How 

far will the shot penetrate the target exerting upon it an average pressure 
equal to the weight of 12000 tons? 

16. A cannon-shot of 1000 lb. strikes directly a target with a velocity of 1500 ft. 

per second and comes to rest; what is the measure of the impulse ? 

17. What is the horse-power of an engine which can project 10000 lb. of water 

per minute with a velocity of 80 ft. per second, 20 per cent of the whole 
work done by the engine being wasted by friction, <fec, ? 
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J8. A body weighing 3 kg. (</ = 980 cm.-sec.) and resting on a rough horizontal 
surface, requires a weight of at least 200 grm. connected with it by a thread 
over a pulley, and hanging vertically downwards, to make it move. Suppose 
tho same body to be free (that is, not to have the weight attached to it) and 
to be moving with a velocity of 10 m. per second, how far will it continue to 
move on the rough plane before coming to rest ? 

19. A body weighing 10 lb. is placed on a horizontal plane, and is made to slide 

over a distance of 50 ft. by a force equal to the weight of 4 lb.; what number 
of units of work is done by the force? If the coefficient of friction between 
the body and the plane is 0*3, what number of units of work is done against 
friction? At the instant the f>0 ft. have been described, what is there in the 
state of the body to show that the former exceeds the latter? 

20. A man carries 2 e. ft. of cork up a hill 1000 ft. high. Find the work done 

by the air in raising the cork. 

21. It. has boon asserted that there is a tendency for energy to become dissipated 

as heat. Discuss this statement, and give reasons for your conclusions with 
regard to it. 


PI f A PTER XIX 

THE MEUHANIOAL EQUIVALENT OF HEAT 

213 . Tho mechanical equivalent of heat is tho number of units 
of work that are equivalent to one unit of heat. It is generally 
called Joule’s equivalent, after the great experimenter who deter¬ 
mined its value, and is demoted by the letter J. Several methods 
have been employed in its evaluation. A known quantity of 
mechanical energy in converted into heat either directly or through 
Home intermediate form, and tho heat produced is measured in 
ealorieH. Tho quantity sought is the ratio between the number of 
nnitH of work expended, and the number of units of heat produced. 

2 x 4 . FRUITION METHOD.— The most satisfactory early re¬ 
sults wore obtained from the friction of water and other fluids. 

Joule’s Determination. Joule’s apparatus is shown in fig. 158. 

A thin cylinder n of copper was filled with water and placed on 
a wooden stand. Inside the cylinder rotated a brass paddle-wheel 
having eight vanes, while fastened to the circumference of the 
vessel It were four vanes with spaces cut out just large enough to 
allow the rotating vanes to pass through. A horizontal section of 
the cylinder and vanes is shown at A, and a vertical section is shown 
at u* where the black portions represent the vanes of the paddle- 
wheel, and the shaded portions represent the vanes projecting from 
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the vessel’s sides. This arrangement ensured that the vanes of the 
paddle-wheel when in motion did not carry the water round in front 
of them, hut forced their way through it. 

The paddle-wheel was set in motion by weights w and w', which, 
by turning the axles of the pulleys P and P r , communicated motion 
to a roller R by means of the cords C and c'. 

To render the loss of energy as‘small as possible the axles of 
p and p' rested on friction wheels indicated at //. The roller R was 



connected with the axis of the paddle-wheel by means of a pin jp, 
and could be disconnected therefrom, so that the weights could be 
wound up by the handle H without turning the paddle-wheel in the 
calorimeter. A delicate thermometer passing through an aperture 
t enabled the temperature of the water in B to be read to 5 de¬ 
gree C. 

In one particular experiment the mass of the weights w, w' was 
26318*2 grm. (nearly 60 lb.), the distance of their fall was 160*05 cm. 
(about 64 in.), and they were allowed to fall 20 times. Then the 
work done by the falling weights is 

W = 20 x 160*05 x 26318*2 

= 84244558 gramme-centimetres. 

The water-equivalent of the calorimeter B and its contents was 
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6315*97 grm. (about 14 lb.), and the rise of temperature recorded 
by the thermometer was *3129 u C. 

Therefore the heat produced 


II = 
Whence J = 


6315*97 x *3129 
1977*27 calories. 

84244650 __ j 42609 in gramme-centimetres 
T977 : 27” \ por calorie. 


Special experiments were made to ascertain the corrections 
necessary to be applied to this result. 

(i) For radiation; the method is exemplified in Art. 167 on the 
laws of cooling. 

(ii) For friction of the axles. The amount of work done in turn¬ 
ing the paddle when there was no fluid inside B (with the same 
velocity as that acquired by it in the actual experiment) was deter¬ 
mined by placing small weights in the place of w and w'. 

(iii) For the energy spent in the impact of the weights with the 
floor and in the rebound. 

(iv) For vibrations produced in the apparatus. 

Elaborate care was taken to determine the effect due to these 
various causes. The corrected result for the above particular 
experiment was 42394 gramme - centimetres. The final result 
adopted by Joule from the whole of these experiments was that 
one calorie is equivalent to 42400 gramme-centimetres, i.e. 41*6 
million ergs. In British units one pound - degree - Centigrade is 
equivalent to 1390 foot-pounds. Joule employed the same method 
with different substances, e.g. using mercury instead of water in the 
calorimeter. The value obtained for J was very close to that given 
above, showing that it was independent of the substances employed. 

He also measured the heat developed by friction and the work 
done when water was forced through capillary tubes. This method 
gave a value for J almost exactly the same as that obtained by the 
method above described. 

Rowland 1 ® Determination. In 1879 Professor II. A. Rowland 
of Baltimore published an account of an elaborate repetition of these 
experiments. He was led to repeat them by these considerations. 
Joule experimented on water of one temperature only, assuming, on 

» . fe « «h W h. "ft . . \ I t* J _ _ _ . 



ilar fawn of ton viuitm, mwh flxtul to tho ctraum- 
ittlorimeter. All thorni vnmm wore pierced with 
,r holm, The axle ah carried u wheel kl to the 
which, by means of tjipoi that passed over pulleys, 
ere suspended. The shaft ah also carried a long 
masses f, r, by mean* of which the moment of 
dorimeter and its aocossorioM could Ihi adjusted. 
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When the paddle-wheel revolved the calorimeter tended to rotate; 
this tendency was balanced by the pull of the weights op. The 
moment of the force tending to turn the calorimeter was known 
from M the sum of the weights o, p, and the diameter (D) of the 
torsion wheel Id. The work W done when the paddles made N 
revolutions was equal to 7 rNMI). 

The calorimeter was surrounded with a water jacket, polished 
inside, and corrections wore made for radiation. The results, which 
wore very concordant at the same temperature, were as follows:— 


Temp. 

Value of J. 

Temp. 

Value of «T. 

5® 

4-212 x K) 7 ergs. 

20® 

4-179 X 10 7 ergs. 

10° 

4-200 x 10 J „ 

25° 

4-173 x 10 7 „ 

15® 

4-181) x 10 7 „ 

29® 

4-170 x 10 7 „ 



35® 

4-173 x 10 7 „ 


7 rr ^ T -„ - - - nT ■ „ . 


.. .. 


It will be seen that the value obtained for J diminishes as the 
temperature rises from 5 U to 29 u , and then increases. Rowland’s 
conclusion was that this effect must be ascribed to variation in the 
specific heat of water, which, according to these experiments, has 
a minimum value at about 30° G-—a conclusion which more recent 
work appears to place beyond doubt. 

215 . ELECTRICAL METHODS.—It follows from the defini¬ 
tions of the absolute electrical units that when a quantity Q of 
electricity passes between two points whose difference of potential 
is E. the work W = O.E ersrs. And in the ei 











Wo give tho details of outs expriment. 

The current G wan *3073 absolute CUl.S, unit* The resistance 
E was 989530000 absolute units, The time t wtw 3000 seconds, 
whence the electrical energy evolved wiw 

W « Cm « (•3073)* X 98953 X 30 X 10* 

m 33039 X l if ergs. 


The water*equivalent of the calorimeter and its contents was 
608T96 grm., and the rise of tcm{>omturo HI13” G. Whence the 

heat II =-. 6081*96 X 1*312 — 7979*53 calories; 




42-1« X 10*. 


• * 


VV x 10 ’ 

H s 7i»T»a;i 
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cent from the value obtained by the frictional method, and the 
discrepancy caused Joule to repeat the frictional experiments, with 
the result that their accuracy was still further established. The 
earlier results obtained by the electrical method were not entirely 
satisfactory, but recent more accurate determinations show no 
discrepancy with the results obtained by friction. 

Transient Currents, —Joule also employed induced currents. If 
a metal wire (or mass) be moved so as to cut the lines of force in 
a magnetic field, transient currents are set up in the wire, and an 
expenditure of mechanical force is necessary to maintain the motion 
of the wire over and above that which would bo necessary to main¬ 
tain it if no magnetic field were present. The energy of the electric 
currents produced is the measure of this additional mechanical work. 

Joule’s arrangements 
were as follows:— 

A number of strips of 
soft iron, having oiled 
paper between them, were 
bound together. Round 
this core was wound a 
closed coil of silk-covered 
copper wire, and the coil 
was placed in a glass tube 
A, fig. 15G, which was filled 
up with water, and mounted 
on pivots so that it could 
be rotated. One pole of a 
strong electromagnet being placed on each side of A, the rotation of 
the coil took place in a strong magnetic field, and an induced cur¬ 
rent passed round the coil every semi-revolution. The energy of 
the currents thus produced was converted into heat which warmed 
the wire, water, glass, paper, and iron. The rotation of the coil was 
produced by the fall of weights, the rotation being maintained 
for 15 minutes. The rise of temperature of the water in A gave 
the means of determining the heat produced. Corrections wore 
made— 

(i) For radiation as before. 

(ii) For the heating of tho water by its shaking about, and by 
conduction from tho pivots on which the rotating coil was mounted. 
Tho amount of this was found by rotating the tube with the circuit 
of the electromagnet broken, and subtracting the rise in temperature 




thus produced from the rise when the electromagnet circuit was 
made. 

(iii) For the heat developed in the iron core within the coil by 
induced cur rents. The amount of this was found by repeating the 
experiment with the circuit of the inside coil broken. 

(iv) For the energy required to maintain, when no inductive 
action took place, the velocity of rotation actually obtained in the 
experiment. 

The result gave for the equivalent of a calorie 4 5* I million ergs, 
a result considerably higher than that given by the frictional experi¬ 
ments. 

In later experiments made on this prineiple by Violle, a disk of 
metal was caused to rotate between the poles of a powerful electro¬ 
magnet. Powerful electric currents wore produced in the disk, 
which therefore became hot, while, at the same time, the reactions 
set up rendered the disk ditfieult to turn. The heat produced in the 
disk is the equivalent of the mechanical energy expended in turning 
it. The rotation of the disk was produced by falling weights m in 
Joule’s experiments; the heat produced was measured by rapidly 
transferring the disk after each operation to water in a calorimeter. 
After correcting for the various sources of error, Yiolle obtained the 
value 42*7 million ergs as the equivalent of the calorie. 

2 x 6 . METHODS FROM EXPERIMENTS ON OASES. It is 
shown in Arts. 253 and 231) that when a mass of gun i« compressed 
heat is evolved, and, conversely, that whim such a mass expands 
heat is absorbed. Joule math 1 , use of methods founded on these 
principles, 

(a) Work done in Compressing a Gas. The principle of this 




i w t i n 

passed first through a tube u containing calcium chloride in order 
that any moisture present might be removed, then through a leaden 
spiral immersed in water contained in a vessel w in order that it 
might take a known temperature read by the very delicate ther¬ 
mometer t lt then through a tub© A into the reservoir in The calori¬ 
meter I), which was of tinned iron, had double walls with an air 
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sp 8 .cc between to check loss of heat by radiation, and the tempera¬ 
ture of tho water in it could be read very accurately by the ther¬ 
mometer ^ 2 * The thermometers t j and at the beginning of the 
experiment gave tho same reading—the temperature of the room. 
About 300 strokes were then made with the pump until the pressure 



in n had risen to 22 atmospheres, when the pump was stopped and 
the temperature of the water noted. Then we have— 

Work done.— A volume V* of air at pressure (atmospheric) 
compressed at an approximately constant temperature to a volume 

(See 


V a (that of tho reservoir n) whence W = P 1 V 1 log a 

Art. 252.) 


Heat produced when x grammes of water are raised through y° C. 
xy gramme-degrees, 

IJ = (f\Vi log. -r xy. 


tj 


Corrections,—"11 q at was produced by the friction of the pump. 
Tho correction for this was calculated by working tho piston 300 
times without compressing air, and subtracting the rise in tempera¬ 
ture due to this cause from the original reading. 

The correction for radiation was made by the ordinary 




1049 grm. per sq. cm., Vj 23482 c.cm., V 
1325 gramme-degrees. Whence 

W = 1049 X 23482 X 2*3020 X log w : 


2237 c.cm. 


and II 


O'UUO 


‘1047 

&£ <H&t %r§ 


50700000 X log IU 10*49 
50700000 X 1*02077 
57878000 gramme centimetres, 

1325 gramme degrees; 

™ ^ 43700 gramme centimetre! 

=: 42*9 X 10 15 erne. 



Work don© during the Expansion of a Gas, When a gas 
,8, driving back the atmosphere, it does work in raising the 

atmosphere (Art. 239), 
amt when the pressure 
of the atmosphere is 
known, the work done 
thereby in calculable. 
In doing this work an 
equivalent amount of 

C l * 

' heat disappears, which 


C om pressed air was 
Fig. iw contained in a reservoir 

U (fig. 158), and when 
a stopcock was turned passed through it spiral h and a tube O into 
the bottom of a vessel it containing water, and standing inverted 
in a larger vessel of water tt The reservoir it and spiral b were 
immersed in a known mass of water, the teiiipemture of which waa 
read at the beginning and at the end of the experiment by a delicate 
thermometer L 

The following are the remit* of one experiment; — 

Wttrk dona by the (ht$. A volume of 441121 c.cm. of water was 
driven from B against an atmospheric pressure of 1040*5 grm. per 
square centimetre. Hence work done 

W &-? 4402 1 X 1040*5 

=s 40428150*5 gminititf^entiiiietim 







295 


THE MECHANICAL EQUIVALENT OF HEAT 


Heat absorbed. — The heat absorbed was that given out by 
10082 grm. of water surrounding R in cooling through *09666° C. 
Whence 

II = 10682 x *09666 


= 1032*52 calories, 
j = W _ 464281505 
H 10325*2 
= 43*7 x 10 ° ergs. 


44992 grm.-cm. 


217 . METHOD FROM WORK DONE BY A STEAM 
ENGINE.—Him has attempted by experiments on steam engines 
to obtain a value of J by the converse process in which heat is con¬ 
verted into work. 

(i) He measured the quantity and the pressure of the steam that 
passed into the cylinders of his engine in a given time. From these 
data were obtained the number of units of heat that passed into 
the cylinders. 

(ii) He ascertained the amount H 2 of heat which was not con¬ 
verted into work, but which remained in the steam when it entered 
the condenser of the engine, by causing it to warm a known quantity 
of cold water through an observed range of temperature. 

The difference H { — II 2 represented the heat-equivalent of the 
work done by the engine. 

(iii) The work W done by the engine was measured in dynamical 
units by means of an indicator diagram (Art. 279). 

Such measurements do not admit of a high degree of accuracy, 
but in his latest series Him obtained a mean value for J differing 
very little from that obtained by Joule. 

218 . RECENT DETERMINATIONS.—Many careful evalua¬ 
tions of the mechanical equivalent of heat have since been made. 

Griffiths employed the electrical method. The calorimeter con¬ 
taining the wire and the water to be heated was closed by an air¬ 
tight lid, and was suspended in an enclosure which had double 
walls, the space between them being filled with mercury. The 

formula JII = C hi in Art. 133 may be written JH = -A- where 

K is the difference of electrical potential between the terminals of 
the wire whose resistance is r. Griffiths kept E constant by means 
of a regulating rheostat, and measured E by balancing it against 
a number of Clark standard cells in series. The mercury ther¬ 
mometer employed was standardized in terms of the hydrogen 



alu© for the mean calorie wiw 4 * I h:i jouioh. 

219. Summary of Results. —The value# oUtninwl for »l by tl 
arious experimenter* and method* are; 


Jtmlti (final).., 
Rowland 

Griffith# 

Hohuatar and Giumnn 

Reynold# and Mcmrtty 
Otytendar and Rarniti 

Micutanou ... 

Ominku and Ringtail 


Moan of Modem 
Valwti 


Friction 

Friction 


RliotriiSil 

Friction 

Kloetwiml 

Mitwtriimi 

Fricitlor* 


T**mj*rra 
lurt» v 

Km»t 

Imitttd* 

i*pi r r 

Valin? »f 

Km»t« 

fitsr r r 

j, 

Krim [*>r 1" (5 

If." 

mi’fi 

S 

VAm \ 

•I'lflf. x 10* 

S a Itillfi’ 

11T%\ 

KIWI 

•MM6 X ]0 7 

ir tu *A!» 

m 

1401 

run x 10 7 


71V> 

B«t 

rim x io 7 

o ' to lew" 

m 

imw 

■t'IH3 x 10* 


7J7H 

urn* 

1'lXfi X 10* 

r tii arr 

mmim 

## $ 

13118 

■1 1X3 X 10 7 

io a t*i ir 

\ nm 

1MW 

11 HO X 10* 

^ ~' 

7 mi 

! 

1,11111 

1 IHf, x Id 7 

] 

* 1 

m ^ 

tajm 1 

1'1*1| X 10 7 


t is now generally held that Joule'* value i* too low; the d 
repancy being probably due to difference* in the th 'CHS Sdl CS 
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220 . The measurement of the mechanical equivalent of heat, 
both by the frictional and the electrical methods, is now an ordinary 
laboratory ox peri merit. 

Friction.—A form of apparatus devised by Callendar is shown in 
fig. 159. The calorimeter consists of a cylindrical vessel made of 
thin metal. This is mounted on a horizontal shaft and is surrounded 


by a silk bolt, to the ends of which unequal weights are attached in 
the manner of a friction brake. The cylinder is rotated by hand or 
by a motor, and the 
heat developed by 
the friction of the 
belt upon the cy¬ 
linder is communi¬ 
cated to a known 











previous trials, tins currant is turned m and ilia water m set flow¬ 
ing. The issuing water i« caught in a vassal, and tha mass that 
passes iti a time i ascertained. Then if 0 is the current and li the 

voltage, 

m «. diL 

Also, if tn is the maw of water that jmiweti, and r |t r a the raiding* of 

the thermometers, 

II ss m(r y «- T|), 

« | t'Lf 

* # w •'*'-» * 

w{r (J - r t ) 

FIRST LAW OF THKttMOOYNAMKtt. The results of 
the important experiment* dmerilmd in thm chapter are mimmed up 
in the first law of Thermodynamics, which tnay Im thus iutuitemtecl:-~ 
u WImn work m im^omed ink heat m hmi ink work itm tjmnUty 
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of work is mechanically equivalent to the quantity of heat ” (Clerk-Max¬ 
well). Symbolically expressed 

W = JH. 

It haH boon proponed to call the amount of heat which is equivalent to one erg 
of mechanical energy a therm. If then mechanical energy be expressed in ergs 
and heat in therms the equation becomes 

W = H. 

This most important law is the expression of the principle of 
the Conservation of Energy as applied to thermal phenomena. 

It was by the application of this principle that Lord Kelvin dis¬ 
covered the phenomena of the electric convection of heat (Art. 138). 
His argument was as follows: Consider a copper-iron circuit with 
otic junction at their neutral temperature (about 270°) and the other 
at some lower temperature. A current flows from copper to iron 
through the hot junction, and may be made to do work. To provide 
this energy heat must disappear somewhere in the circuit. None 
disappears at the hot junction, for at that temperature the metals 
are neutral to each other and there is no difference of electrical 
potential between them. And at the cold junction there is known 
to 1)0, by Peltier’s principle, an evolution of heat. Therefore the 
thermal energy required to maintain tho current must be absorbed 
in the copper or iron wires themselves, i.e. either a current in iron 
from the hot to the cold portion must cool the iron, or a current in 
copper from cold to hot must cool tho copper, or both these results 
must follow. The mode by which the effects were experimentally 
determined has been given. 

222 . EXAMPLES. 

1. If this standard substance were iron (specific heat, (HI4), what would be 
the value of «J ‘i 

r _ Unit of work 
Unit of heat* 


This unit of work in indei>ondent of any particular substance; tho value assigned 
to .1 m therefore simply inversely proportional to the unit of heat. If iron were 
used instead of water in defining the unit of heat, this unit would be diminished 
in the ratio of 1000 to 114, the ratio of their thermal capacities, and the value of 
J would therefore be increased in the same ratio. 




J x 


1000 
114 * 


% A cylindrical calorimeter of outside diameter 20 cm. is suspended by a 
single wire so that it is capable of rotation about its vertical axis. A paddle 
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is rotated within the calorimeter at tins rate of 1500 turns per minute, and 
calorimeter is kept from rotating by mmm of two fine strings, which art* worn 
round the outside of the calorimeter on opjnmite sides and then pitas over tv 
pulleys, and have each a weight of 200 grm. atturhed. If the mechanical tnjuiv 
lent of heat is 4*189 X 10 7 , ami g is 9BI, tlml the heat developed in the calorimet 
per second. 

By Art 195 W - rNMO |*er second 

1*1-1 Id X 25 X 400 X 20 

(I2H120 grm. cm. per around ; 


11 


028.120 


4*iM» x Uf 

mi 


< 147 calories j»er second, 

3. Taking 4*2 X 10 7 as the numerical expression of il »e tnechanical "quivale 
of heat in the O.U.H. system and the Centigrade »onlo of tempomturti, find i 
value when the second, milligram, millimetre, and I” F. nr« the unite, 

4**2 x 10 7 ergs I grm. deg. (\ 

1 ^ 

,\ 4*2 X Hf X X grm. cm, ■ I grm, deg. F. 

PH l 9 

4*2 X 10 7 X JL X ^ X 10 grm, rnm, I grm, deg. F. 

t?B I p 


Since the gramme apj^arn on Itoth aidt* of this equation. the change to mil 
gram would merely multiply Itoth Hides by 1000 and leave the relation uimffecte 
Hence in the given units 


J 


2 i x \m 

ilHI X II 


•Jl‘4 


u>\ 


4. A lead bullet atrikcn a nt**»l target with a velocity of M>0 ft, j»er Mximd. Fii 

the rise of temjwirature produced in the bullet by the ttttfmef,, nupjwwmg all % 
energy to \m converted into heat within the bullet. (Hgweiflr heat of lead ■* *03b 

The qutmtion ii indejamtlent of the mam of the bullet, which tnay lie th«r*fi 

taken iw unity, 

(1) Kinutic energy §t»# 


| X 250000 - 125000 font 

**• 11 sa-JTiL IKmwl 


(2) L# 


t sts^ritte of tempfentttin* of btdlnt ; then beat tdmnrlied •’#» x *0314 uni 

12500 
iii'xistt 

UlfiOO 

sm% x my * . mu 

». 8 «*r* 


*\ tt X *0314 & 

* £ ' * 


5. A windmill work* at 4 fawwt'jiawwr for 24 ltt*tir% and §!t pwr «*»t of t 

work dbit« k atemd up wt mmgy. Of thin mwrgy If per cent » employed 
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heating water from 12° C. to the boiling-point. How many pounds of water will 
be so heated ? 

One h.p. = 33000 foot-pounds per minute. 

.*. Total work done = 33000 x 4 x 60 x 24 foot-pounds. 

Energy expended in heating water 

= 33 X (24)“ x 10 4 x *81 foot-pounds 
= 33 X (24 ) 2 x 10 2 x 81 - 1390 pound-degrees of heat. 


To raise 1 lb. of water from 12° C. to 100° 0. requires 88 pound-degrees. 

Number of pounds heated = . - 2 i, x . 8 L*.HP 

* 1390 x 88 

9 x 24 x 810 

139 

= 12587. 


6. A hole is punched through a wrought-iron plate 1*2 cm. thick, the mean 
pressure on the punch being equal to the weight of 30000 kg. If one-fifth of the 
whole work done is spent in heating the part punched out, which weighs 150 grm., 
find its rise of temperature. 

(Specific heat of iron = 'll.) 

(i) Work done by force equal to the weight of 30000 kg. working through 1*2 

= 30000 X 1000 x 1-2 grm.-cm. 

36 x 10° x 981 ergs. 

Mechanical energy converted into heat 

~ 7*2 X 10« X 981 ergs, 

- 7-2 x 10 6 x 981 -r- 42 X 10 6 calories, 

=• 7*2 X 981 ~r 42. 


(ii) Number of heat units absorbed by the iron if x = rise of temperature 

degrees O. 

= 150 x x x *11 
= l@*5x calories. 

16*5 x k 1*2 x 981 + 7 


x « (1-2 X 981) r(7x 16*5) 
- 10*2° C. nearly. 


in 


7. A specimen of coal contains 80 per cent of carbon and 4 per cent of hydrogen 
uncombined with oxygen. How many gram me-degrees of heat are generated by 
the combustion of one gramme of this coal; and with what velocity must a gramme 
of matter move that the energy of its motion may be equal to the energy developed 
by burning the gramme of coal? 

(The combustion of one gramme of carbon produces 8000 grm.-degrees, and the 
combustion of one gramme of hydrogen produces 34000 grm.-degrees.) 

One gramme of coal contains $ grm. of carbon and -fa grm. of hydrogen. 

Heat produced « f of 8000 + of 34000 calories 
= 7760 calories 
= 7760 X 42 x 10® ergs. 
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The energy of one gramme of matter, moving with a velocity tit v cm. per 
second, ~ Jr a ergs. 

/. *.* 2 X 7700 X 12 X 10 “ 

4000 n /40740 
807200 cm, |M"f m'omi, 


QUKHTIONS AND KXKKt'ISKS 

1. Find in footqimmdH the difference Wtween the energy of a jHitmd of steam 

and a pound tif waiter, U>th at f»0 * <1 

2. Express in ergs the s|H*eifle heat of mi\ ami in f»*»t pound* the latent heat 

of steam at 100 ' (1, 

3. Two equal masses of water, moving with equal velocities in opjHisite direc¬ 

tions, impinge on each other and are l«»th brought to rest. The heat de* 
veloped is sufficient to mm * their tem|w»rnturen from 0 t\ to 1' C\ Find 

their velocity in miles |*er hour, 

4. A mass of f>0 kg. falls from a height of 30 m. How much heat is produced m 

the impact with the ground, if the mass neither j«uietmte» m*r rdioundH? 

6, Find (a) the amount of heat necessary to raise U» 11». of lead from * temjiera- 
turn of 115 ‘ U. Ui its melting jsiint 320 and then to melt it; ami [b) with 
what velocity the mass must \m moving in order that the conversion of it§ 
energy of motion into heat may pr«liiee the requited amount. 

6. How many units of heat are produced w hen I ton of mm is dragged 100 ft. 

along a horizontal surface, the coefficient of friction Unng | ? 

7. A maw of platinum strikes an olmtacle with a velocity of 600 ft. per wound. 

Find th e rise of tem|>emturo in the platinum produced l»y the iuqiact, sup¬ 
posing half the heat devdojied to lie employed in warming it. fKpentie heat 
of platinum - •08*24. | 

8. With what velocity must a |M»uml of ice at 10" (l strike a target in order 

that it may lie converted into water at 10 M C\, »up|w*ing that Hti j#»r cent of 
the mechanical kinetic energy of the moving man* m converted into heat 
within the aulmtanee f |8p, heat of ice ‘5; J 1404.J 

9. Water loaves a mill wheel at the rate of 5 ft, jter second. How much unused 

energy does this represent f*cr ton *»f wafer that j lasers i If the fall of the 
water is 8 ft* what fraction of the whole energy t« taken up hy the mill, 
neglecting any initial velocity of the water f 
ID. A train of 200 tons travels 300 yd. from it* start 1 adore acquiring its pr» 
mantmt velocity. If the accelerating force tinting that juried m equal to 
the weight of 14 lli, js»r ton weight of the tram, find le*w many units of 
heat would lie developed if the train were pulled up. 

II. An engine works at 4 h.p, for *24 Imura, and It) \wt rent *»f the work done is 
employed in melting ice at 0* Cl How many pound* of ire will lie melted I 
1*2. A man k employed for m hour in tut mug an apparatus such m Jutile 1 'a (Art, 
190). If he work at the min of 4 x Id 1- ergs |*er minute, what fine of tern- 
porature would Im produced in 10 kg. of water! 

13, A steam engine driving a dynamo work* at the rate of I Cl h.p. The current 
from the dynamo drives a motor which due* entemal work at the rate of 
6000 watte. Find the psrc«oti®i «f energy dM|*W*l; ami its amount 
in «dori«§ per second. 
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14. Over a certain lamp 2 lb. of water originally at 15° 0. is raised to boiling 

point in 20 min. If half the heat produced by the lamp is communicated 
to the water, compare the rate at which energy is being evolved from the 
lamp with the rate known as a horse-power. 

15. An electric current is maintained in a circuit by a single Grove’s cell. If half 

of the energy of the current is converted into heat within a calorimeter con¬ 
taining water, find to what temperature a kilogramme of water originally at 
15° 0. would be raised during the oxidation of 1 grm. of zinc in the cell, 
lb. I ho whole of the heat generated when 60 lb. of lead falls from a height of 
695 ft. is used in melting ice. What weight of ice will be melted assuming 
that the temperature of the lead is 0° C. and J = 1390? 

17. Dry ice at 0° O. is thrown into 20 lb. of water at 60° C. until the whole 

weighs 23 lb. How much mechanical work must be done on the water in 
order to heat it again to 60° O.? 

18. How much mechanical work must be done on one hundredweight of mercury 

to raise its temperature from 10° C. to 20° (J.? 

19. How much warmer is the water at the bottom of the Niagara Falls than at the 

top? (Height of fall nr 160 ft.] 

20. Kind the heat developed by the stoppage of a train of 300 tons, travelling at 

50 miles an hour. 

21. A leaden bullet falls 100 ft. and strikes the ground. Its temperature is raised 

4*32“ K. by the impact. Assuming that all the heat generated by the impact 
is communicated to the bullet, and that the specific heat of lead is *03, calcu¬ 
late the mechanical equivalent of heat. Why is the method impracticable? 

22. An engine consumes 40 lb. of coal, and during the process performs 16000000 

foot-pounds of work. If the combustion of 1 lb. of the coal develop heat 
sufficient to convert 16 lb. of water at 100° C. into steam at the same tem¬ 
perature, what percentage of the heat produced in the engine is utilized? 

23. If mechanical energy equivalent to 50000 foot-pounds is expended in warming 

3 lb. of water at 10“ (J., to what temperature will it be raised ? 

24. With what velocity must a mass of sulphur at 15° C. strike a stone slab in 

order that the heat developed in tho impiet may melt the sulphur? 

25. How much hydrogen must be burned in order to evolve sufficient energy to 

raise 1000 kg, through 1000 m. vertical height? 

26. Kind in pound-dogrues-Kahrenheit the energy required to raise 1 ton through 

a height of 200 ft. 

27. A boy can do 1200 foot-pounds of work per minute. If the work is applied 

in heating water, find how many pounds of water would be raised from 0° C. 
to 100‘ (A in half an hour. 

28. From what height must a hailstone at 0 a 0. fall to the ground in order that it 

may be melted by the heat produced in the impact with the ground ? 

29. How far must a mass of mercury fall in order that its temperature may be 

raised 1“ O.? 

30. A locomotive engine consumes 160 lb. of carbon per hour, and converts 5 per 

cent of the heat evolved into mechanical energy. At what rate could the 
engine draw a train of 100 tons along a level line against a resistance of 
10 If), per ton ? 

81, In question 11 at the end of Chap. XVI11, if the mass be of iron, and half the 
work done is converted into heat within the mass, find the rise of tempera¬ 
ture. 

cm) 


21 




82. Find tho ratio between the energy required to warm a jrntmd of ailver through 
60° F. and that required to raise it through 21*28 ft. 
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THE KINETIC’ THHOBY 

223. MOLECULES, ATOMS, AND KLK( -TICONS. Tho idea 
propounded hy certain Ureek philosophers that matter oon«intK of 
small indivimble particles wan revived by Daniel Benmuilli, for the 
purpose of explaining the “spring of the nir ", whose law was dis 
covered by Boyle, It proved n gout! working hypothesis, explaining 
ho much so well that it now ranks as a well established theory, the 
evidence in its favour being drawn both from Chemist rv and Physics, 
Dalton showed t 
to form chemical 
that the com pot 
whose relative w 
tiorts observed, 
impossible hy an w 

Tito moletmlea of any jiartirulnr substance are ahke in nature, struc¬ 
ture, and mass, hut the molecules of different substances differ in 
respect of these properties. 

These molecules of ordinary matter are m a general rule not in 
actual contact. In gases the spaces between the molecules are much 
larger than the molecules themselves. Hence gases are very com¬ 
pressible; the process of compression is one of forcing the molecules 

doner together. 

An important principle known m the law of Avogndro, which 
is supported hy a mass of evidence, asserts that “ Equal volumes of 
all mtlrnlattm when in the afaie if tjm % and timltr lib emd ilium % fan tain 
the mine number of molmtle# ", 

Avogadro’s law affords a ready explanation of the fact that the 
permanent gases follow the same laws of change of volume with 
change of temperature and pressure, us welt m of the further fact 
that other gases tend also to obey the laws of Boyle and Charles 
as their gaseous condition approximates to t lint of the j*ermammt 


In the crniii of compound nutatamm* it is generally jKHuiible by 
mic&l or electrical means to break up the molecules into the par- 
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tides of which they are composed, and which are called atoms; but 
when this is done the original substance has ceased to exist, and two 
or more different substances are produced. Thus each molecule of 
a compound substance is itself a group of atoms that act together 
as one system, the nature of the substance being determined by the 
atoms of which the molecule is composed. In some elementary 
substances the molecule consists of one atom only; in others, of two 
or more. The atoms of any particular element are all equally heavy 
and precisely alike. But certain relations exist between the atomic 
weights and other properties of elements, which suggested that the 
atoms themselves are built up of smaller masses of some common 
material. And the systems of bright spectral lines which the radia¬ 
tion from different elementary substances give, have also suggested 
that the atom itself is a more or less complicated system, the com¬ 
ponent parts of which possess vibratory or rotatory motions. 

In 1879 Crookes discovered that when the pressure of the gas in 
a vacuum tube was reduced to about one-millionth of an atmosphere 
he obtained from the cathode a continuous discharge of rays, atoms, 
or particles which, besides producing various electrical and optical 
effects, were capable of turning a small wheel when directed upon 
one of its vanes. In 1897 »). 9. Thomson showed that these cathode 
“rays” consisted of small corpuscles of matter carrying a negative 
charge of electricity and moving with great velocity. And since 
that date a whole class of “ radioactive ” substances has been dis¬ 
covered which all possess the property of shooting out from them¬ 
selves small particles (called ft particles) which possess the same 
characteristics as the corpuscles of the cathode discharge in a 
Crookes’ tube. Those corpuscles, called negative electrons, appear 
to be constituent parts of the atom. According to the electron 
theory, each atom is a system containing positive and negative 
electrons. The electrons are in motion, and are at least in some 
cases capable of detachment from the atom. Their independent 
motion produces thermal and electrical effects; their motion 
within the atom produces vibrations in the ether manifested by 
the spectral lines. And there is some evidence that by the ex¬ 
pulsion of electrons from the atom the structure of the atom may 
be ho changed that a new elementary substance is formed. 

224 . MOTION OF THE MOLECULES.—That the molecules 
of fluids possess a motion of translation is proved by the phenomenon 

(ll H1 CJ^Tli 

II a jar fillod with gas bo loft opon to the air, tho gas disappears 



q ^ cr; 
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Tho bulb is lilled with hydrogen (or other gas), while the mouth 
above B is dosed by an impervious stopper of indiarubber. When 
the bull) is adjusted in position this stopper is removed and diffusion 
through B begins. When liquid ceases to enter the bulb, the aper¬ 
ture at tho bottom is closed, and the volume of water that has 
entered is measured. Hence the volume of the air (V 2 ) that has 
entered is known, and the volume of the hydrogen (V x ) that passed 
out is also known. The ratio Vj/Vg is the ratio between the rates 
of dilfusion of the gases. And it is found that 



where />j and p 2 arc tho densities of the gases. 

The ratio between the volumes of the gases that passed through 
the plug gives the ratio between the velocities of their molecules. 
Hence the rates of motion of the molecules of different gases at tho 
same temperature are inversely proportional to the square roots of 
their densities, the heavy molecules moving slower and the light 
molecules faster. 

Tho rate of motion also depends on the temperature, temperature 
and rate of molecular motion increasing and decreasing together. 

As the gaseous particles move to and fro frequent collisions or 
encounters occur between them. The length of the journey between 
any two encounters is called the free path. The denser the gas the 
shorter is tho free path, tho rarer the gas the longer the free path. 

Tho free path under ordinary pressures is very short, but experi¬ 
ments by Tait and Dewar and by Crookes show that the free path 
in a very good “ vacuum ” may be several centimetres. 

Tho encounters have tho effect of constantly changing the direc¬ 
tion of motion and the velocity of the molecules and of causing them 
to vibrate. 

According to the calculations of Clerk-Maxwell the following are 
the values of the molecular constants for hydrogen under standard 
conditions of temperature and pressure:— 

Number per cubic centimetre. 2 x 10™ 

Mass of molecule ... ... ... ... 4*5 x 10“ 24 grm. 

Distance between centres of molecules (average) 5 x 10“ 8 cm. 

Length of mean free path .17 x KH cm. 

Other calculations made on different bases give figures of the same 
order of magnitude. Thus Lorentz makes the number of molecules 
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ness of the film may be, provided that the tempera¬ 
ture is constant, thus showing that it is essentially 
a surface phenomenon, the layer of water between 
the two skins playing no part in the phenomenon. 

If a piece of thin wire be bent into a framework 
of three sides as in fig. 163 and suspended from one 
arm of a balance so as to dip into water or soap solu¬ 
tion, the tension of the film may be measured by 
weights placed in the other pan of the balance. 

A more accurate method of finding the value of 



Kig. 103 


the surface tension is by measuring the ascent (or 
depression) of liquids in capillary tubes by means of a cathetometer 
as indicated in fig. 164, the level of the mass of liquid being taken 



Fig. 164 


an that, of a point just touching tho surface. The value of the 
surface tension is calculated thus:— 

Let a « the radius of tho tube, 

/ the value of the surface tension in dynes per centimetre 

(lineal), 

r rk the angle of contact between the liquid and tho tube, 
p rs the density of the liquid, 
h = the height of the liquid column, 
g «» the acceleration duo to gravity; 
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then the force of gravitation on the column of liquid held up In the 
tube by the surface tension in 

TM”hptj y 

and the vertical force exorcised by the surface tension of the film 
round the circle where it in in eontaet with the glass is 

'liraf cm t\ 

**. 2?m/ cos e Ktrhptj 

, / a hi it? 

whence / ‘ » 

2cmt 

and e being determined by a separate experiment, /' is readily found. 
In the cane of clean water in clean glass tubes e<isr" t. 

The value of/for a water air surface is H| dynes per centimetre, 
and in found to diminish with rise of temperature by rather more 
than s /, 0 of its value at 20 (’, for each iVuftgmde degree. This 
variation may be ascertained within a moderate range by accurately 
measuring / cm different omtHinuK when the temperature of the 
laboratory in different, or by placing I lie vessel in fig, I tl4 in a bath. 

The surface tension diminishes with use <if temperature because 
at higher temperatures the molecular mot ion h are increased and the 
average distance between the' molecules becomes greater. 

At the critical temperature the surface tension of a liquid would 
become equal to that of its vapour, which tuny or may tint be zero. 

The thickness of the layer within which the surface tension 
resides gives some indication of the distance within which these 
molecular forces act.. 

If a film he formed within it rectangular framework of metal 

placed vertically, and viewed by white light, at first it, in white all 
over. It consists of a film of water between two skins, Ah the 

liquid descends gradually to the bottom of the film under the infltr 
eneoof gravity, the film at the top gets thinner ami horizontal hands 
of cotour appear—green, blue, deep violet in suereiwion, At a curtain 
thickness the film becomes dark at the tup, anil careful observation 
shows that spots appear blacker than the rest, The film then breaks. 
The thickness of the hluck film iw measured by Ueiuohl mid Ufieker 
is about Id x 10 15 cun, which is / tJ of the wa\p length of yellow 
light, 1 lance it appears that the molecular fmvm which produce 
cohesion come into play when the distance lietweeti the nmlectdes is 
of the name order of magnitude as the wave length of light,, 

226. FlihBBUEK OF A GAB,- If n billiard bill lie shot 
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against the face of a disk behind which is a spring, the spring 
will be momentarily compressed. If the operation be repeated many 
times a second with equal force, the spring will remain permanently 
compressed and may be made to register a certain pressure. 

A mass of gas consists of a vast number of molecules which at 
a definite temperature are moving with a certain determinate mean 
velocity. A vast number of knocks take place every second against 
the sides of a vessel that contains a gas, and the result is a steady 
pressure. If the mass of gas be compressed into a smaller volume 
and the rate of motion of the molecules remain unaltered, it is clear 
that a larger number of impacts upon the side of the vessel take 
place per second and the pressure upon it is accordingly increased. 
If the volume bo increased the number of impacts per second is 
diminished and the pressure is diminished. The tendency of gases 
to expand is at once seen to result from the motion of the molecules. 

In Art. 232 it is shown more exactly how the velocity of motion 
of the molecules is connected with the pressure of the gas. 

227. CONDUCTION OF HEAT.—Since the temperature of 
any portion of gas is decided by tho velocity of motion of its mole¬ 
cules, as the molecules move about they must tend to equalize tho 
temperature of different parts of the same mass. For as the mole¬ 
cules move to and fro and collide with each other, those that are 
moving faster gradually part with some of their energy of motion to 
those that are moving more slowly. Ileat is thus conducted from 
one part of a fluid to another. In a solid the increased energy of 
motion has been supposed to pass from one molecule to another by 
radiation. But the effect may be duo to the motions of the electrons. 

228. EVAPORATION AND CONDENSATION.—The pro¬ 
cesses of evaporation of a liquid and condensation of a vapour are 
results of molecular motion. The velocities of motion of different 
molecules differ greatly in each state, but are on the average greater 
in the vapour than in the liquid. At any particular instant some 
molecules of the liquid have a velocity greater than the average 
velocity of the gaseous molecules, and these when moving towards 
the surface escape into the vapour. And, conversely, some gaseous 
molecules moving slowly towards the surface become entangled amid 
the molecules of the liquid, and their rate of motion is not suffi¬ 
ciently great to enable them to free themselves. These become liquid. 

These converse processes of evaporation and condensation are 
always simultaneously proceeding. When a saturated vapour exists 
in contact with its liquid the processes are proceeding at equal rates. 
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So long as the condition of the gas remains unchanged, the 
value of remains constant. Hence for the energy of a mass mn 
of gas, i.e. of n molecules each of mass m, we have 

E = \mnlA 

231. KINETIC ENERGY OF UNIT VOLUME.—If n be 
taken as the number of particles in unit volume, mn represents the 
mass of unit volume—i.e. the density. Thus, writing p for the 
density, 

E = §pv 2 . 

If two such sets of moving particles be introduced into the same 
vessel, Maxwell proved that during the encounters they will exchange 
energy until finally the value of \m/b 2 is the same for each set of 
particles. When the average kinetic energy of each molecule is 
the same, there is no further passage of energy from one set to the 
other. 

During the process, since mn is fixed there is only a change in 
the value of v l . This process corresponds to a passage of heat from 
one mass to the other, and the final condition represents a state of 
thermal equilibrium, when there is no tendency for heat to pass from 
one body to the other. The process is therefore an adjustment of 
temperatures, and the two volumes of gas are of equal temperature 
when the kinetic energies of their molecules are of equal average 
amounts per molecule. Whence it follows that the temperature 
of the gas depends upon, and is some function of v 2 . 

232. VELOCITY OF MOLECULAR MOTION.—Consider a 
hollow centimetre cube containing gas at some definite temperature 
and pressure. 

If all the n molecules are moving to and fro in parallel lines 
between two opposite faces of the cube, each with a velocity of v 
centimetres per second, then the number of hits per second is v for 
each molecule, and the total number is nv, viz. \nv on each face. 
But at each impact the motion is entirely reversed, and there is 
therefore a change of momentum from mv to — mv, that is, a change 
of 2 mv for each single impact of each molecule; the total change of 
momentum thus impressed on the mass of matter impinging on one 
faee is hnv x 2wv = mnv 2 per second. But the change of momentum 
produced in one second is the measure of the force—i.e. of the pres¬ 
sure on the plane (Art. 206 ). The pressure on the face is therefore 
mnv* 
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Now supposo all the moleeules to In' moving about, indiscrin 
nately in all directions and with velocities not tho same. Than t 
motion of each can ho resolved into throo rectangular romfmuetr 
and it may ho shown that the result will ho as though one third 
tho whole' number paused straight between each pair of opposi 
faces, while in tho place of v 1 we must write to', and tho expressf 
for the pressure becomes 

Ji y fit 

’it* 

m ti * * * 

or 1r 

p 

Also it has boon shown that K | pW 1 ; 

n at) 


Tho proimuro oxortwi on unit ami by any giw in iHjttiil to two-thii 
of tho kinatic; on orgy of unit volmnr, 

Tho oxpnmmon alm> shows that uqual vutumrs of nil gurnm at t 
fiamo praam* ro pcawoss <*t|unl amounts ol kilnin’ mnigy duo to t 
motion of translation of thr moltwulrH. 


Mmmpl€,-A litre of hydrogen at 0 * t\ midor it jirowuro of lOaM ‘3 «rm. 
sq. am. omitamtf 'OBIItl grm, Find tho velocity »•! tmmn *|u*m i»l Um hytiraj 
partition, awuminic g ■- WKl. 


Ham 


* 

* * 


v ~ toaiwt k mt and p ^mnrnm 

p |jtf» 

umit h m\ | * ■ooooMm * 0 * 

, ^ |ti;s;in x iwi 

* list y ||f 


* 

* # 


m 


w 


y 


HKtaa * i« 


UP WSIfta! 

UP % |H|t 

rtn, |mu* neront! 

lllip? ft, |»f wrote t, 


vtthmifcy of motion of the mtrimntlm of other may titintiiwl from 
mult by noting that the formula above allow* is t« l»e iwverarty m the «w|imrn 
of the dbnttfty of the gtt*, TIhm, for eMUitple, the *#i«truy for ovygett t« «»fi*i-fo« 

of thti al»v# value. 


333. EXPLANATION OF PHYSICAL LAWS. Boyle 1 * h 
—■If wo new coniider unit mass of a gas wrujiying a velntm 
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under pressure P, then the density p = and the equation 

P = §pv 2 may he written in the form PV = |£ 2 . 

If then the value of v 2 remain the same, i.e. the temperature be 
kept constant, the product PV remains invariable. This is Boyle’s 
1 ;aw. 

The fact that Boyle’s law is not exactly obeyed by any gas 
shows that the motion of the molecules does not take place exactly 
as described above. In actual gases, when the molecules are very 
close together, molecular forces come into operation which modify 
the paths and periods of the molecules, and Boyle’s law ceases to 
represent the connection between the volume and pressure of the 
substance. See Art. 255. 

Further, if we take the experimental fact that in any given 
mass of gas the product PV = K$, i.e. PV is proportional to 
the absolute temperature of the gas, it follows from the above 
equation that 0 ocv 2 . 

Charles’s law.—From Art. 231 it follows that for two different 
gases in thermal equilibrium 

and since for each gas 6 <xv\ it follows that temperatures measured 
by different gases are proportional to one another, i.e. the rate 
of expansion of all gases is the same. 

Else of Temperature on Compression.—If the particles of gas 
are impinging on a piston in a cylinder with a certain velocity, and 
the piston is suddenly forced in, the velocities with which the par¬ 
ticles rebound must be greater than before. The increased kinetic 
energy is rapidly distributed throughout the mass, and the value of 
v 2 on which the temperature depends is increased accordingly. 

Avogadro’s Law.—It has boon shown above that if we consider 
unit volume of any gas, the pressure P == tynnv 2 . Thus for unit 
volume of two different gases at the same pressure and temperature 

P = = Jm 2 7i 2 $ 2 2 . 

If communication be established between these two masses of gas 
no change of temperature results, and hence no change takes place 
in the values of \ and % But in such a mixture it has been shown 
that finally = fmj ./ 2 (Art. 231). From these equations it 

follows that 

% = % 



m 


11A T 
11 I § « V i 

All ga?OH under the* name pressure hn\e flu* name number of mole¬ 
cules m unit volume. 

Graham’s Law. Again* since for unit \olmnes of two ditVorant 
gases at the same pressure and temperature 

.HP Ult i n J 

. *V r . "'Jh ih 

* * «* «9 1 

f; mpij p | 

The mean squares of the molecular \ eloefim>* are in\finely propor¬ 
tional to the square room of the dentil ie*» of I In 

Dulong and Petit'i Law of Atomic Heats. Am applied to the 
simple gamm this law has now anpnieil a dear meaning ICegnaultV 
results given in Art. 77 show that tln^r ga»en j hihhohm the mime 
specifie heat for unit volume, and it ban now l»rm shown that they 
possess the same number of molecules m tnni \ ultimo , u hem e it f«l» 
lows that their molecules lm\e pireisely tlie Haute thernial ra juicily. 
Hi nee almost every substance annumc* fin* form of utt almost perfect 
gas at a certain temperature, the e«|mdit v «*f I lit" atomic heats of 
many of the solid elements showu in fhe table k?j p .h? suggest; 
the wider conclusion that the atom* of all rumple MiliHUiuces have 
the same eapaeity for heat, 

234* NH )EE( *t *I iA U \ 1 HR A 1 It tXS In addit nm tot he mot ion 
of translation, the molecules have a ubmlotv in*it ion which goes on 
simultaneously with the motion of framdufioii. In the ease of com 
pound molecules there is reason to think that the atoms composing 

them have also their resjmetive aportat movements A portion of 
the total energy of a moleeule is due to the mm rmcnf* «»f its eon* 

stiiuent parts, 

1 hus when a mass of 11 solid H healed n? iittlinitgh but 

little external work in done these effects are prtsltterd 

00 Tho itmiperiifttre ri«w» a proms* winch »nvohe« an imrmms 

of molecular kinetie energy, 

(If) The suhstanrii changes \olutm% 11 proma* that ttmmlly in¬ 
volves an expenditure of energy «n overcoming mtet molecular forces, 
iav forced that exist between the tttolertiles of t he milwimtire, 

(r) Energy may In* absorbed in effecting in!in molecular rltiingisi, 

i.e. changes in the vibration* or relative poonotH of tlm atom* that 
eonstitute the molecule, 

(’onfining our attention to gumw a definite imol? may Ihs obtained. 
It has already laicn shown that 11 (lifltirimm namt* between th® 
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specific heat of a gas at constant volume and that at constant pres¬ 
sure, the difference being due to external work done in the latter 
case (Art. 239). But when a gas is heated under such conditions 
that no external work is done the effect is still complex. The energy 
expended has increased not only the motion of translation of the 
molecules, but also done work within the molecules themselves in 
driving their atoms farther apart, in causing these atoms to vibrate 
faster, &c. 


To take an example. Suppose a centimetre cube of oxygen to 
bo heated from 0° G. to V' G. at constant volume. The specific heat 
of oxygen at constant volume is known by direct experiment to be 
about *L55, and the mass of 1 c.em. at 0° C. is *0014107 grm. Thus 
the energy necessary to raise 1 c.em. of oxygon from 0° to 1° with¬ 
out expansion under standard pressure is 


II = *0014107 x *155 caloric. 

K = *0014107 x *155 x 42 x 10° ergs. 
= 9183*7 ergs. 


Now, it has been shown above that the kinetic energy E due to 
the motion of translation of the particles of a gas is ■§ P. Therefore 
the increase of E, which we will call <$E = •§ rfP where dP is the 
corresponding increase of pressure. If the original pressure was that 
of the atmosphere, viz, 1*014 x 10° dynes, per sq. cm., 

u™ ,ir . *1? Jyil0B , 

273 J ’ 

and rfE = | x ^ X 1014000 ergs 
= 5571*4 ergs. 


Thus it appears that the energy of the cubic centimetre of gas has 
been increased by 9183*7 ergs, of which only 5571*4 ergs are ac¬ 
counted for by the increased kinetic energy of translation of the 

molecules. 

The difference 3612*3 ergs is the energy that has been expended 
in doing work within the molecules themselves. Tho ratio between 
the whole energy and tho energy of agitation concerned in the 


H 



91837 = 
55714 


This ratio, which is usually writton ft, has nearly the same value tor 
all the more perfect gases. 
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235 . As appears from the above example in general symbols 

V 


d V 


d\* 


r 

0 


andii -Hi 1 . 


If wa deal with unit mnm instead of unit volume this equation 
must bo multiplied by the specific volume V, i.e. the number of 
units of volume in unit mass. The left hand side then becomes K* 
the specific heat at constant volume* and we have 


t # 

K. 


rv 

a 


PV 


Hare ft and ip sire constant, ami the expremmm sin ova that the 

specific heat of a gas at constant volume in an mvariable quantity 
whatever the pressure and tern furniture may be, 

236. RATIO OF SHsHFir HEATS, From the uliove expme 
si on for K t „ a value of y, the ratio lm! ween the .Mjmeilto heats may 


K„ t ^ (Art 
I'V 


If 

JMkr iH 

I j| a jf. 

♦or K, 


but K, 

f # 

■\ K. 


t ts 


l‘V 


+ l) 


* *u 

• * f 


0 


| *f» 


obtained for ft alniv 




Mcii 


It scorns reasonable to stififMim! that tfie more complicated the 
molecule the greater will Ini the work expended in producing intra- 
molecular motions, and the simpler the molecule the Ivm will that 
quantity he, (*heuiista have r emu in to boliev e that n molecule of 
mercury eoutaimi only 01 m atom. If that lm nu* tn» heat m expended 
in doing intramolecular work, and ft « I, which gtv«* for y the 
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value TOG. Kundt and Warburg have found the ratio y for mercury 
by determining the velocity of sound in mercury vapour (Art. 261), 
and obtained the value 1-67. 

The same method gives for helium the value 1*63, and for argon 
1*65. Boltzmann considers that the molecule of a gas for which 
7 = 1*66 behaves in molecular concussions as a rigid sphere. 

Where y has a value about 1*41, as in nitrogen, oxygen, and 
hydrogen, the molecule behaves as if it consisted of two spheres 
rigidly joined together. 

For many gases generally triatomic, such as carbon dioxide and 
sulphuretted hydrogen, the value of y is about 1 * 3 , and as the mole¬ 
cule becomes more complicated the value of y becomes more nearly 
equal to 1 . 

237 . RADIATION.—In the phenomenon of radiation, energy is 
transferred from one body to another by movements in the ether 
which are of the nature of undulations. 

Thus heat*, while on its journey from one place to another by 
radiation, has ceased to be heat as we ordinarily use that term. It 
has been transformed into radiant energy. 

The regularly recurring series of states in the ether which are 
termed undulations have their origin in the vibratory movements of 
molecules, atoms, and electrons. 

The visible spectrum of a rarefied gas consists of bright lines 
only. The rate of vibration corresponding to these lines is so great 
that many thousands of them take place in the interval between two 
molecular collisions. Hence it is supposed that these vibrations are 
independent of molecular motion, and are due to the motions of the 
atoms and electrons themselves. Each element gives a different set 
of lines, each line corresponding to a definite rate of vibration. 

The spectra of compressed gases, of liquids, and of solids are 
more complicated. The molecules being closer together, their free 
path is shorter, and the disturbances introduced by a collision have 
not time to die away before those produced by the next collision 
come into play. The effects of the collisions remain as a permanent 
feature of the spectrum. Those effects are to generate vibrations of 
other periods than those due to the undisturbed motions of the elec¬ 
trons. The spectrum of a compressed gas is therefore less discon¬ 
tinuous than that of a rarefied gas, and the spectra of liquids and 
solids are continuous. 

The fact that as the temperature of a solid is raised its spectrum 
is extended in the direction of the rays of shorter wave length shows 
tam) 22 
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that tho greater energy of the eollimonn ha« the effort of generating 
vibration h of shorter periods. 

238. EXAMPLE. 

Thc» Hpocific heat of hydrogen in *H. On the HMp}x»»<ttion that thm dm* ncKi 
vary with tho temperature, ami that at 278 ' < tho umlreulea would wholly 
deprived of motion, find their rate of motion at 0 (?, 

If ono gramme of hydrogen lie warmed from *»!?*! (’. to tl (*, it would on 
thin HUppoKition nhwtrb 273 x iH iri.S‘2 calortcn MhiI|; t * IoSt^h. 

According to the dynamical theory of heat it in uumateiial whether w« ocm- 
nidor thin energy to have boon ex | tended m puMluemg molar or molecular motion. 
If it produced molar motion wo nlmttld have for the kinetic energy of the m&aa 

-- mmn x 

hut M ^ 1 , 

v 10 s v V?i‘?2il 

278000 mi, j*er Mviuitl, 

The iMppomtitm that the njmeifte heat remain* in variable m of omirtte inodimin 
«ibks, but tho romdt in of tho Mime order of magnitude m that obtained by thu 
ordinary method {Art. 2*1 


KXKWJHKH 

8 

1. A cubic foot of air at 0"* < \ under a pn^nru of ’it 17 lb, |wr aquar* fmit contain* 

*0807 lb. Find tho velocity of mean otjuare of the {mrlttdejt. 

2. What m tho «»p|m»ed cutmn of the mertmoe m tho tomj^rature of a gw when 

itn volume in diminished by pro«mm» ? 

3. Find tho Inertwo of volooity of the fmdncith** of hydr«w<ni (m fmit pr ammcl) 

when itn temperature in mim'd 1“ 0, 
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UAH EXPANDS— 

ftmro limn one etmnga 


239. EXTERNAL WORK WHEN A 

When heat ttt evolved or ftbftorbttd by it Iwwlv .. 

often take* place. Thun, when it tinnut of it on given out limit* it* 
temperature fall* and ita volume dwrfMuwa; when ini tit IT 0, ttbiorlis 
boat, it* phyideal oomlitiou ehfitigf* itnd jta volume fllftiiniftho®. 
Nothing ha* been hitherto said hero a* to how ttitirh heat would las 
required to afloat tuieh of them) cduingiii nejmriitoly; but they may 
be Hepamtaly eoniidered* an trneh ruliited to a tlaflttslo quantity of 

energy which ha* paasadl into or out of the iitliitiwiri during the 

change. 
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l hat heat is absorbed when a mass of gas is allowed to ex- 
patid under pressure is proved by the following experiment: Let a 
cylinder of compressed air be taken at the same temperature as 
the atmosphere, and the tap turned so that a jet of air rushes 
out against the bulb of a thermometer, the mercury will fall, show¬ 
ing that the escaping air has become chilled in the process of ex¬ 
pansion. 

What has become of the heat that has thus disappeared 1 It has 
been converted into mechanical energy. At the mouth of the tap 
there was a pressure of nearly 15 lb. on the square inch. The issuing 
air in occupying a greater volume did work against this pressure, 
and the heat-equivalent of the work done was abstracted from the 
air itself, the thermometer, and neighbouring bodies. When an 
increase of volume takes place under pressure, work is done against 
that pressure, and if mechanical energy bo not supplied 
to effect the work, heat disappears. Thus, if we heat a 
gas under atmospheric pressure so that it increases in 
volume by 1 e. ft., wo must do upon it about 15 foot¬ 
pounds of work to effect that change of volume, quite 
independently of any other change, such as change of 
temperature. Such work is called external work, because 
it is done against the action of external forces, i.e. forces 
outside the body we are considering. Since gases expand 
largely when heated, the external work done is great, and 
forms a largo part of the whole energy expended in heat- Fig. les 
ing them. 

Suppose 1 grm. of air to bo confined within a vertical tube A 
(fig. 105) whose section is 1 sq. cm., and which is closed at the top 
by a tightly fitting piston n. Then since the standard pressure of 
the atmosphere is 1033*3 grm. weight per square centimetre, we can 
imagine the atmosphere to be replaced by a weight of 1033*3 grm. 
upon the piston. The height of the enclosed column of air whose 
mass is i grm. is about 773*3 cm. at 0° 0. 

If the air be heated to 1° C., the piston will ascend through 
773*3/273 cm. and the work done against the pressure on the 
piston s= W es 773*3/273 x 1033*3 gramme-centimetres = 2926*9 
X 981 ergs = 2871300 ergs. This is the amount of external work 
done when 1 grm. of air is heated through 1° C. under standard 
atmospheric pressure. 

In general symbols, writing V for the volume occupied by unit 
mass, P for the pressure, and 6 for the absolute temperature, then 
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tho oxtemal work done in 


Tho gtmoml form of the expression shows (hut i( holds for uny gag. 

Kineo wo are dealing with unit, mww of th«* gas, V ix tho 
nsoiprooal of tho absolute density />. lienee 

I'V p 

* IV I t * 


Tho quantity PV B denoted by tho symbol It in by tho law® 
of Boyle ami Charles enuetant fur tho mnw given nmm uf gas, 
whence it follows that tho external vvoi k done by any given mass of 
any gas when its temperature is ruined one degree in the same, what¬ 
ever may ho its volume, temperature, ami pH ^nre, If tho mium of 
giu§ bo that of 1 gramme molecule, thru the value of K u approxi¬ 
mately 821)00000 for all gason that obey Ho\lea taw (Art. H)U). 

Wo may also consider tho total on orgy inquired to boat tho 
gas ami to effect* tho expansion under pressure, Ku jijk mci unit 
mass of gas to ho heated and not allowod to expand, then the 
energy required to raise tho tempo aturo of tho gun by an amount 
dB is (J/W, whoro l! p is tho apoeiiie heat *4 tho gas ait eouMtunt 
volume expressed in heat units (Ait, 77). If at tho same time 
the gas ex{mnd umlor a constant pressure 1* hy an amount dV {the 

y 

quantity ^ above), then work in done to tin* luuounf IWV (Art. 207). 

If IAJV be also expressed in heat units, thou tho total heat dll re¬ 
quired to effect the whole change is 

fill - VJii f l MW 

It ii twiumod horn that no internal work hits Imhiii done 

(Art. 241). 

240 . EXTERNAL LATENT HEAT, When a liquid k com 
verted into a g&tt thorn in 11 great ifiereiwe til volume. Work is 
therefore done in overcoming atmospheric pressure, imd the energy 
required to effect this ii called the extant*! latent heat* or latent 
heat of dilatation. The difference hotwisnfi thia and the total energy 
absorbed in the internal Intent heat 

ItH value for any particular substance may tut ihiw found. 
Whan a cubic centimetre of water is ladled away into steam at 
100" tho itenin ocotipiea about 1870 c..em, l firing tin? change the 
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atmospheric pressure, which is 1033*3 grm. per square centimetre, 
has been forced back through 1669 cm. The work done is therefore 
approximately 1670 x 1033*3 gramme-centimetres, which is equiva¬ 
lent in heat units to 16 - 7 -? : !i / ?f >33 ’ 3 = 40*9 calories. 

42600 


Thus, when unit mass of water is evaporated at 100° C., about 
41 units of heat are absorbed in doing external work, and 540 — 41 
= 499 in doing internal work. 


241 . JOULE’S EXPERIMENTS ON INTERNAL WORK. 
— Joule investigated the question whether any expenditure of 
energy was necessary to cause a gas to ex¬ 
pand when there was no external pressure 
upon it, and when, therefore, no external 
work was done. The gas is certainly in a 
different condition after the process. Is any 
work done solely in producing this change 
of condition ? Mayer, on the strength of an 
experiment made in 1807 by Gay-Lussac, 
assumed a negative answer to this question; 

Joule proved that this supposition was ap¬ 
proximately correct by the following experi¬ 
ments in which compressed air expanded 
into a vacuum, and was not found to be cooled as is the case when 



it expands into the atmosphere (Art. 239). 

Two strong copper vessels K and K (fig. 166), each having a 
capacity of about 2000 c.cm., were connected by a short tube in 
which was a stopcock c. One vessel, K, was exhausted of air; the 
other, K, was filled with compressed air at a pressure of 22 atmo¬ 
spheres. 

The apparatus was then immersed in about 7000 grm. of water 
contained in a double-walled iron vessel i). On the stopcock being 
turned the air rushed from 11 into K until the pressure in each was 
the same. The temperature of the water in n was read, before and 
after the expansion of the air, on a delicate thormometer reading to 
degree Ckmtigrade. This thermometer showed no change of 
temperature, and Joule therefore concluded that “ no change of 
temperature occurs when air expands in such a way as to do no 
external work”. 

Joule varied the experiment by placing each of the air chambers 
K and l in a separate vessel containing water (fig. 167). In that 
case ho found a fall of temperature in the vessel containing R, where 
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tho air underwent expansion, and un almost <*«|mil rise of 11 
ture in the vchhoI containing t\ in which flic air underwent com- 

predion. 

'Hu 4 setting of list* nmMM of air in mutton 
demanded an expenditure of etietgy which 
wiih obtained nf tin* expense of tin* Hemublc 
heat uf U ; tin* deMruetion «*J thin mechiui- 
ical motion in r, canned there a correspond¬ 
ing evolution uf heat, 

242, EXVKimiKSTS uK THOMSON 
AN 1 > JOVUi Ois comparing the heat 
eupueitieH uf the nil and water in the above 
experiment, it u found tliat it would ro 
quire a change of temperature in the enehmed mr amounting to 
2 ° 0 . in order to produce a change rajudde of detection by the 
thermometer outside, 

Lord Kelvin, then Sir William Thomson, iviih led 1 1 y theory to 
believe that the aiummptmn of Mayer, apparently jtrnifted by dottle** 
result above, was not rigorously correct, hut that a more sensitive 
apparatus would show that some change of internal energy does 
take place when the density of a gas changes, or an it may \m 
expressed, u the hen! evolved from nir when rompruHned at constant 
temperature in not equivalent to th* 4 wot k «pent in effecting the 

ciiiiipr«wfn*m ’’ 

A verv i«uir»itne metI hmI wan 
therefore drUurd till the following 
principle • 

Let Alt (fig, IflH) represent a long tube having at one jaunt X 
a porous plug containing a large number **f dirndl orifices Air or 
one of this more perfect gases wait futrrd tluough the tube in a slow 
continuoun uniform stream, The pressure uf the gas at 11 point M 
before entering the plug was aometiinea several atmospheres, while 
at N the preimure wan isrnply that uf the atmosphere, an that Imtween 
those point* there wax a great of the gas, Klementary 

experiment* with 11 single orifice nt t showed n great cooling* tine to 
the convention of sensible bent into the mechanical energy of motion 
of tho rapidly iwming air, Hut at a dutaneu uf a few incites from 
the orifice the energy of motion wan all reconverted into hettb 
Hence with tho grnt in this com lit ion no externa! work hud Ihhui 
done, and the temperature at H should In? the name m at M, pro* 
vided that no communication of hunt took place iwlwmn the nppa* 
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ratus and external sources, and provided that Mayer’s hypotheses 
were correct, and also that the gas was one which rigorously obeyed 
Boyle’s law. For the internal work done on unit mass of the gas 
was equal to PV, the product of its original pressure and volume, 
and that done by the gas on the atmosphere was equal to P 1 V 1 , the 
product of the final pressure and volume. If PV = P 1 V 1 then it 
would follow that any difference of tem¬ 
perature he tween M and N was due solely 
to a change in the internal energy of the 
gas. But it is shown in Art. 120 that 
when a gas expands PV is not oqual to 
P 1 V 1 (i.e. no gas rigorously obeys Boyle’s 
law), and this inequality between the 
work done on and by the gas would lead 
to a change in its temperature quite in¬ 
dependently of any change duo to the 
action of the intormolemlar forces. Hence 
the difference of temperature actually 


from Boyle s law is, however, calculable 
from the data of Amagat’s experiments 
and the specific heat of the gas. Thus 
the two effects were separated, and the 
change of temperature duo to change in 



hydrogen, and a very small heating effect 
for hydrogen 

Various forms of orifice were tried. 
With a simnle anerture the gaseous cur- 



1 


s»cti 




2 










itwiclo Htuffod with silk. Tim plug rented mi 11 shoulder ok the 
copper tube mt, and was kept in it h place by a screw J pressing on 
a tube //. The thermometer bulb was mrummlM by a tube of cork 
hh filled lightly with cotton wool, Hy mean* ul an mdkmhber tuba 
kk the copper tube wan connected with a glass tube 11 to allow the 
thermometer to be Keen. 

The gan to be experimented on ua* bored, In means of a pump 
l> worked by a .steam engine, through a tube W (fig, I #tl) f then 



through two long spiral* tr immersed m large vrwek of water, 
whence it panned through the jmmtift plug / 

In the spirnlft the gas took up 11 definite tempratme indicated 
by thermometer* in the water, Spend mire was taken to etwnre 
that the gas wa* really at the tempi a! tire of the water, and to 
prevent irrogularit ten in the stream of air due to the pulfuttioitH of 
the pump. 

The gait wa« thus made* to jmumi from a high §r mutter to that 
of the atmosphere without inquiring ftemubk mertmuieiil energy, 

and therefore without doing neiwili|».» external w<*i k, The work 
donti hy the pump on the gtia was njtanl to the work done by the 
gast in forcing hmk the atmosphere; no mfemai work w»w done by 
the gtw at the expose of its own heat, 

The results of the expiiritiitinte were that with tin gnu wiw the 
tempmture at n (fig. U5H) the mmm m at M; with an, oxygen, 
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nitrogen, and carbonic anhydride, there was a fall of temperature at 
N; with hydrogen, there was a rise of temperature. This proved 
that the thermal changes taking place when gas is compressed or 
expanded at constant temperature are not exactly equivalent to the 
work clone on or by the gas. The equivalence would be perfect 
only with a perfect gas, in which there is no attractive nor repulsive 
force between the molecules. With actual gases, work is done by 
or against molecular forces; in air, oxygen, nitrogen, and carbonic 
anhydride, which deviate from Boyle’s law in one direction (see Art. 
120 ), the molecular attractions and the deviations from Boyle’s law 
act in the same direction; both tend to produce cooling. In the 
ease of hydrogen the two causes act in opposite directions. 

The cooling effect is due to the fact that work has to be done in 
separating the molecules in opposition to their mutual attractions, 
and the experiments therefore show that there is an attraction 
between the molecules of a gas at short distances. 

The amount of difference of temperature between M and N was 
proportional to the difference of pressure, being about *26° C. per 
atmosphere for air, and l-25° 0. for carbonic acid. The cooling 
(‘.fleet was much greater for gases readily capable of liquefaction. 
The amount of cooling after passing through the plug—i.e. the 
amount of internal work was found to be much less at high than 
at low temperatures; thus, for carbonic acid at 20° it was 1*15°, 
while at 91" it was only *7°. . , , 

At the temperature 20” C., the ratio is for 

external work 

carbonic acid for air and for hydrogen only 


243 . EXAMPLES. 

1. Water irt form! through a porous plug under a pressure of 50 kg. per «ouare 
centimetre alvove the atmospheric, and emerges with negligible velocity at the 
pressure of the atmosphere. Assuming that there is no loss or gain of heat from 
external sources, find the rise of temperature of the water if 427 kg.-m. are equiva¬ 
lent to 1 kg. caloric. 

Suppose l grin, of water to ha contained in a tube whose area is 1 sq. cm., then 
the work dona in driving the water through the plug is 50000 grm.-cm. 

But 427 kg.-m. ■= 1 kg.-calorie 

427 X 1000 x 100 grm.-cm. = 1000 grm.-calories 
42700 grm.-cm. = 1 grm.-calorie. 

Rise in tenqnjrature = 50000 42700 

= 1*17° O. 


% Hhow how to calculate the expansion required to cool a mass of air 1° O. if 
no heat m «uppli«L 
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Under these eiremn.HtanceH the work dune by the m equivalent to the boat 
trial, it ban given (Hit. if the working difference of pro-win' tmippu.Hed eeuMtant) 
that produces the expansion bo P and tin- increase of voIusih U- d V, then th« 
work clout' Vd V in work unifn or VdV ", .1 m h*-at units, Tin* jh equivto 
lent to the quantity of boat, that him disappeared, wlnoh w (\ K the «pcrdie boat 
of tho gas. 


QUESTIONS ANl> PAKIiUlSKK 

1. Why ia if that, with a gnu uiab-r atm«*Hj»h*-rii* pressure fbo quantity of boat 

niuHirtHiiry to produce a given change of teiiijM-rature uuum with the height 
of the barometer? 

2. Describe tin* changes wliieh take place when brat m applied to 1 Il», nf ice at 

0" 0. until it in coin cited into wijMiur. Aeeoimt f«»r the diifcmuv m the 
quantity of heat required according an the ice m m an often or in a closed 
VCHHcL 

3. Find the external work done in raining lb gtttt. of air front fi to I ft at constant 

pressure when the l aerometer at and.-* at * Hi nun 

4. A cubic foot of water i» heated fh*m tt t* * Ion uud* r standard atmospheric 

pressure, Find the external work done, the \ohiu»e of the water hnviutf 
inerewwxl hy 4 per cent tinring the oftemtsou, 


/tir \ t u | > v V f f 

w / 4 * / V 4 i lal*^ #\ <\> 1 i> 


I 80 THFUMAL ru It VKS niNTlNlTTY 


STATK 


244. IHOTHKHMAL AND ADIABATIC ( 1 IANOKS. Tho 

absorption or evolution of heal hy huditw in accompanied hy changon 
in one or morn of their di*titigtmhing physical jiroporfirM* viz. 
volume, prtmnurc\ and tomjmmturc, and the relation* hm weern any 
pair of thtmo varied do* may bo very rtwvmimntly shown hy cm rvtm. 
Such diagram* nro oftem u*«»d id mo to indicato n ftttfttor result of 
importance, viz. tho work done during tho process, 

Wo proomid flrut to dim! with gum<* ittnl % u|>our*. The change* 
in volumo and prowmtm may take place under either of two onto 
ditiona, according m tho imtiporittitro rtuttainH imtutUmt or m allowed 
to change tinring the operations. 

Thus, mipjamo w« have a t|Uiiotity of air contained in a metal 
cylinder. If thin air he slowly compressed iu tetitjierattire will 
remain constant unit* dktitrbwl hy imtcritnl cnttHi**, for any litmt 
that may m developed hy mmimmmm will huctiii!« dwwfmldL 
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Suppose 4 , however, tins air to be contained in a cylinder of wood, 
and the compression to take place quickly. The heat developed 
during the compression cannot readily escape, so that at the instant 
after compression, the temperature and therefore the pressure of the 
air are considerably higher than would be the case if the operation 
had taken place slowly in a metallic vessel. When a gas changes 
in volume and pressure under such conditions that the temperature 
remains constant, the change is said to take place isothermally, and 
the curve that represents the relation between pressure and volume 
is called an isothermal curve. When the operation takes place 
under such conditions that no heat enters or leaves the substance 
during the process the change is said to take place adiabatically, 
and the curve that represents the relation between pressure and 
volume is called an adiabatic curve. 

Adiabatic changes will be considered more fully in Chap. XXIV. 
Wo now proceed to indicate the characteristics of isothermal 
curves. 

245 . (^INSTRUCTION OF AN ISOTHERMAL CURVE.— 
Suppose 10 c. ft, of air 
at (f (l to bo enclosed p 
under a pressure of one 
atmosphere in a long 

cylinder of unit sec- 

* 

tional area in which 
works an air-tight pis- % 
ton. By applying pros- 








330 


UK AT 

Now draw two linen oV and on at right augh‘ to rat h i*tlir»r (fig. 
171). The point o in < •ailed the otigm, **F m t hr nx \h of pressure, 
and ov the axis of volume. Along o\ mark oft Kiiceossiv© lengths 
in the ratio of the numbers indicating the volume * above, and at 
the points thus obtained w*t up stitvc^nr pm prndmuiain whoso 
lengths represent the corresponding piessuie A series of jMiinte 
in thus determimut through nitwit a <nuliumem hm m drawn, and 
we obtain the curve ufwv/, which ivptrm’nm i hr nTitfon between 
the pressure and volume of the air at the juu ttettlur temperature 
chosen. 

Suppose that the air hi* now allowed in e\puiid in tU original 

volume and the temperature mined to *Ji\t f \ ili* 4 pleasure will 
then be two atmospheres and the product y\ 'ju, if the whole 
series of operations he repeated at *»!iM i \ we obtain the following 
aeries of values: 

Volume; 1 in *J h # } a u 

! i 

i ; 

! 

Fmwure m ) 

AtmiKHplmres: | Vf ? T* ‘J, **>*1 i-U l 



and by proceeding its befoie we obtain the mttie r nih 

In fig. 171 the curves are aim show n foi femjtciatures letir C 
and Hill" CJ. Thene curves are ijuithwinal mu om 


246. CH ARACTKUISTK *S u| 
PKttPKCJT UAH. Attire an kutlnu* 


1st iTUHUM ALS 1« 

I rtfs % e j?i 1 * tfi \ t ttrleii 


iitpiKMtioii that the product f*v m a mmUmt quantiti, the at ©a of 
the reetenglti oitAt* is const ant, whale ter may be tltr jnwiiiiui of the 

point A cm the curve. 'Hie curve winch j #»*'»# er tin, property w 
called a reotauful&r hyperbola, and the **©« *»\ and are railed 
the asymptot#®. As the cur \ e h mttetided r.i* Ii bi aiirh met inu.dly 
approach©® on© of the HMymptot©*, but inner tea* hr* n Thin finmni 
that it® the prtMiire imrmmm the volume <4 the gn.« ennttrittally 
diminishes, but run never Imroine ner**, a* llir pr«'*i»itr© deertwicii 
tin! volume may inmmse t« nn ttidehnifc romi 

If n line oa I hi drawn liswuimg tlie anyJ r r**\ . ibeu Ait n on 
^ half the square on cm, he for any jaunt un the curve the product 
FV is proportional to ciA f s but i*v is prupust tonal to the ali*oItite 
twnjmmtur© (Art, hi); therefore (oa)* t* proportional to ttie filitoltiti 
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If a tangent bo drawn to the curve at any point A meeting the 
axes in E and f then oc = <je and OB = BF. The length EC 
represents the elasticity of the gas and OC its pressure; these two 
quantities arc equal. 

The isothormals of a gas at higher temperatures lie farther away 
from the axes than those of lower temperatures. A little consider¬ 
ation will show that the curves never cut each other. 


247 . ISOTHERMALS FOR THE “PERMANENT” OASES. 
A perfect gas is one in which the internal work (Chap. XXI) is nil 


and which therefore rigor¬ 


ously obeys Boyle’s law. p 
As no such gas exists, the 
foregoing curves do not 
accurately represent the 
behaviour of any actual 
gas. They present, how¬ 
ever, a typo towards which 
the isothermals of actual 
gases approximate. The 
“ permanent ” gases—air, 
oxygen, nitrogen, and hy¬ 
drogen approximate so 
closely to this type that 
refined experiments are 
necessary to indicate any 
departure at ordinary tom 
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Fig. 172 


poraturoH, The nature of that departure is indicated in fig. 172, 
where the isothermal of a perfect gas is given for comparison. 
It was shown in Art. 120 that as the pressure is increased hydro¬ 
gen occupies a greater and other gases a less volume than that 
assigned by the law. For the sake of clearness in the figure 
the amount of deviation from the theoretical curve is much ex¬ 
aggerated. 


248 . ISOTHERMAL OF A VAPOUR.—Suppose steam to be 
operated upon, the vapour being in its initial condition at 100 ° C. 
and at a very small pressure. Under these conditions the vapour 
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more perfect gases. When tin* condition in rear hod which m repreu 
Banted hy the point B on tin* diagram* the at rum bring saturated, 
the «lighti‘Ht increase of procure causes wane of if in hi* condensed 
into water. If then the piston descend An\\ ly thr pressure continues 
constant at the maximum value for the aligned temperature ; and 
the volume steadily diminishes until the whole has 1 Jerome water* 
Thin part of the. isothermal in thu* a liori/oiitul line nr. If the 
pressure he still further increased the change of volume of the liquid 
in very mnnll for a great increase of pressure, and the isothermal 
beeomeH an alumni vertieul line rt>, 

It is jMMHihlr t<» prolong the hue ab to tin |»»mf », fur by girat riov muter 
eortnin condition* a wtunifnl viifMiiir limy U ’mhj«vu*4 0* ?» miuUl uiuthwi of 
pressure without omdotemfioii titkitta plaro, 

Anti ho in tin* o«»nv«*iw» njH'tittutti water nmy I** 1 po v* i*o 4 fiotti owijKirntmg 
when tin* proHHUir i« luw«*r«-4 to tin* oduo o» tti*« pnmt *: <m the 

diagram. In Iw»th them* nwvn t howowr, tin* j*e*4tn *o tin* rh&nge 

in a violent manner, A?* ihonr two »tu*dl j*»ttioiin * u mid n« *uv 
obtftimtblr, the thnnrrtmd curve ftctwcrtt ti atitl r m **< fb* ham i*hkc w hirh k 
not dimwit tinunu*. 

A net of mothermal lines for water strum wottlil present the name 
characteristics m tin me drawn for earhonte arid tit tig, 174. the lowest 
mothermal of fig. 174 enmt*|x>udutg approximately to the water* 
vtoam isothermal of 0 <\, the next to that of loo i \, and the third 
to that of 48U‘ l\, just almve the ertftriil iemperattue of steam 
(Art. 251). 

249. MIXTURE OF OAS AND VAHltlt If a mixture 

of air and water vapour he eon* pi eased mut hermaltv tin' diagram 
takes the form shown in \m (fig 17 21, which s» a eorreet i sot her* 
mid for mieh a mixture at ftff (* The original volume at a m 
10 and pressure IfHg of which 7T*H is thm to utr amt 8*0*2 to 
the water vajamr, the prewttre Iming measured in eentimetres of 
mercury. 

The mixture itt compraiMUHi until the volume in ft and the pressure 
27*7, which i» miidti up of prewnreK of 12’H and 11 0 for air and 
vapour rwpactivaly. Awumtitg that the mixture t»lwys I t»v In** law, 

the curve ak it a hyjmrtmla. When, however, the jiomt r is reached 
the pressure of the water v&ftour hnx reiiefied it* maximum for 
the temperature and augments no further. When the mixture t§ 
further wmpfttisiid the diminution of volume m lirniiiipinieil hy an 

increase of the air pranaur# tint not of the vapour prejuturt*. Thu* 
when the volume k 5 the premium k 30 4, ik, Url tlirn to fliti air 
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the experiments of Andrews on carbonic arid are given in Art. 121. 
We give in fig. 173 the isothermal lines of this substance for several 
different temperatures, the pressure being m atmospheres and the 
volume in arbitrary units. 

Isothermal at 13*1* C. Starting with a quantity of gas at this 
temperature the pressure was gradually increased up to 47 atmo¬ 
spheres, the substance remaining so far in the gaseous state, and the 
curve (not shown in this figure) being of the form gm*u m fig. 172. 
At a pressure of about 17 atmospheres, when the \utnme wan about 
7 units, eondensation began, in exactly the same way as with steam, 
tlte liquid and gas being in eontaet with each other, with a well 
defined surface of separation. The pressure remained almost rum 
stant as liquefaction proceeded, as is mdwuted by the horizontal 
line. The whole when liquefied occupied about 1 2 vohmic. The 
contraction of \oImne in liquefaction was much less than in the case 
of water amt steam. 

Isothermal at 2T5 C. At this tenqiemture the substance 
remained wholly in the gaseous state until the pressure reached 
about UC) atmospheres and the voliiiiie about b units, (ondem 
Million then took place m before nt constant pressure, and the iso¬ 
thermal becomes horizontal. The whole w hen liquefied occupied 
about t*n vol. 

Thus it appears that at the higher temperature the gas was much 
more dense before condensation began, while the liquid pi inlueed was 
much less dense than before. The two states uere approximating 
to each other. 

At temperatures between 21 and 30 this approximation con¬ 
tinues, the horizontal line in the diagram becoming shorter and 
shorter as the temperature is raised, unlit nt 3U it2 the horizontal 
line vanishes, i,e. there is at t hat temprature nti period during 
which liquid and vujmur can he separately distinguished. 

Isothermal at 311 , 32 5 * 35 5 . At these lemporulurtM a» 
the volume diminishes tinder the i nr ceasing pressure there k tm jmrt 
of the line perfectly horizontal, because the pressure never remains 
quita constant as the volume diminishes, The substance m never in 
two distinct conditions in different jwirts, but remains it* it homo¬ 
geneous state throughout the tul«\ 

At 481 and ttlmve* the inothernmU exhibit tin dtviirgotieti in 
general character from the ordinary type fur a gaa, 

asx, CRITICAL TKMPKUATrHK.- The femjmrature 301)1® 
ii the critical temperature for oarhcmic acid. At that Uunjmrature 
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and at about 74 atmospheres pressure, the substance is in the critical 
condition (Art. 121). A glance at the diagram will show that when 
in the critical condition the substance is less than half the density of 
the ordinary liquid. 

Below 30-92" 0. it is possible for liquid and gaseous carbonic 
acid to exist together in the same tube; above that temperature such 
coexistence is impossible, whatever pressure be applied. 

252 . WORK DONE DURING ISOTHERMAL CHANGE OF 
VOLU ML. - It is an important problem to ascertain how much work 
is done on a gas when it is compressed isothermally. Referring 
back to Art. 245 and fig. 171 let us consider the work done in com¬ 
pressing the gas from 8 e. ft. to 2 c. ft. at 0 °. The working force is 
always equal to the pressure of the gas, and the distance worked 
through by the force is the length moved through by the piston, 
which is proportional to the diminution of the volume. The area 
marked out cannot be a rectilinear figure because the pressure of the 
gas is continuously increasing throughout the whole operation. The 
area xchy (fig. 171) represents the work done in this instance, and 
the problem is to determine that area. 

As a rough approximation we may take the mean of the ordi¬ 
nates which are given in Art. 245 to represent the mean pressure, 
and multiply by the distance xy( = 6 ). This gives for the area 
2-45 x G = 14*7. 

The rule given in Art. 208 gives a much better result. According 
to that the area is 

4(1-25 + 5 + 8*32 + 27*04} = 13*87, 
which is very near the truth. 

The above, however, are mere approximations. The correct value 
when the curve is a hyperbola, i.e. when a gas obeys Boyle's law, is 
obtained as follows:— 

Let the original pressure and volume respectively be Pj and V 1? 
then since the temperature remains constant I > 1 Y l = a constant; 
call this constant A. 

Now suppose an extremely small decrease of volume dV x to take 
place, then the work done on the gas is where -yJ 

is a vory small fraction. 

If then the process be split up into an extremely large number of 
such steps, we see that the total work done = A x (the sum of a 
large number of small fractions). These small fractions are no two 
< c 23 



of tho same value, so that, their summation i» only imwublo by the 
calculus. Integrating wo have 


\y 


A (log, V, 


v u ) 


v 


1 T 1 *"ni y 

m 

r.v, (or V, V,) 


V. 

f 4 

3 ‘ 4 


r,v, log. v l or r,v., 

2*302585 x lor 


r t 

» » 


If V - pressure in 

(a) pmm'lH per »j. foot, 

(b) gRtimncH jH'r h<[. turntimet nm, 


and V volume in 1 time W work in 
(n) rube* foot, j fnl font immuln, 

(b) otihio cent hurt ro*>, ? (M grnutim’ oontimotrnn. 


Applying this to the above example we have 

W = U) x 2*302585 x log tw * 

= 2:002585 X ‘(>0200 

s= 13 * 8(11 in terms of the foot and the atmosphere. 


In foot-pounds W .* KOHfH x 211 ? - 20350 , the standard 

pressure of the atmosphere being 2117 lb. jn*r square font. The 
result of this Article lias been antieijsited in Art. 2t(h 


%$% Hupjnwo thin 2UH50 font pounds of work t*» t*o njwht in wsrmmu tho maw 
of air oponttod mum, its toinporti! uro »*n«matly o <*., anti tho volume 

remaining at. H e. ft 

Thono 21^150 foot^Hmudn of work ; IHVO *211 jtmmd thereon of 


boat, 

A5ho the moss of air in 1 <\ ft. at at mnspherie pre*»ur*» and at O' (\ 11807 

lh„ thorofuro the mints of air in H o, ft. at I 25 atm« »*, prrwtiir is ilso# y H >: l'*2f» 
■:r *807 lh. Tho HjKH-ifle heat of nir at rotnifiint vntum*' i« ills, TImih the heat 
fdworlmd by the air while its tomjwrsture wp r»*m# V O. m 'HOT x USH iJlf*!! 
pound »dogmm. 

Thoroforu the tem|ntmture to which the air would rwml m fLL (5(1 Cl. 


254. Isothermal lines nmy also lw drawn showing graphically tho 
changes of pressure and volume when it substance changes from the 
solid to the liquid state, hut the changes of volume that ensue with 
change of pressure are so small that inch diagrams cannot be drawn 
to scale. 

Ioe-watar.—'This substance otumpiiM less uilumtt as it liquid than 
an a solid, and cannot lx» got as 11 solid iUhivo (F 15. The line Atu'tt 
(fig. 174 ) represent* tho isothermal for the temperature ccuTosjamding 
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to the triple point (- 0074 ° C., Art. 106 ). In the condition repre¬ 
sented by the point A the ice is under a small pressure. As the 
pressure is increased to one 
atmosphere (point B) there 
is a diminution of volume 
of the ice. Further, under 
this pressure the ice lique¬ 
fies and there is a further 
diminution of volume, the 
line no being traced out. 

At (i all the ice is melted. 

Further, great increase of 
pressure produces a small 
reduction in volume, and 
the line (tt> is traced out. 

For a temperature — x° 

0. the isothermal would 

take the position of the v 

dotted line. 

255. THE EQUATION OF VAN DER WAALS.—The equa¬ 



tion 


py 


110 


( 1 ) 


not being an adequate expression of the gaseous laws, a step to¬ 
wards a more complete expression has been made by van der Waals, 
who writes the equation thus— 


O’+vOC- 1 ) 


R <9 


( 2 ) 


the new terms being introduced to satisfy considerations the outline 
of which we endeavour to give. 

With reference to the factor (V — b) consider a mass of gas con¬ 
fined in a tube and subjected to gradually increasing pressure. As 
compression proceeds, the molecules are forced closer together, the 
same number occupying a smaller chamber. Now, in equation (1) V 
expresses the volume of this chamber. But the molecules themselves 
must occupy some space x if they were packed together at rest like 
billiard balls in a box; and although under ordinary conditions this 
space x is very small compared with V, the volume of the chamber 
they occupy, yet rigorously it should not be neglected. The volume 
we are dealing with is not V hut some smaller volume V — b. The 






quantity b depends on, but in not equal to / above, been two the mole- 
culee of the gas are not at rent like billiard bulk in a box, and the 
effect of their motion i« to increase this u volume correction n from 
x to a larger quantity ft, winch van dcr Wauls calculates to be equal 
to four times the actual volume of the particles. 


With reference to the factor ^ P + consider the effect of the 


molecular forcoH existing between the molecules themselves. The 
porous plug experiments (Art. *212) prove that the molecules of a 
gas attract each other with a force* winch increase* the nearer they 
are together. The result of this inter molecular attraction in to pro¬ 
duce a general tendency of the gas to shrink into a smaller volume, 
i.e. to diminish the resistance which the gn* would offer to enmpmt- 
mon. Thin produces the wane result tin an increase in the external 
pressure 1 \ Thus the force producing compression m I* f /, the 
sum of the external pressure V and the force / due to molecular 
attraction. This molecular force being projiotttonal to the product 
of two attracting masses, is proportional to the square of the density 
of the substance. Hence the quantity / \aries iu\ersely m the 
square of the volume V, and is therefore writ-ten u T VA Thus we 
have equation (2) above. The results, given in Art, 120, are by this 
equation easily capable of explanation, So long as V was less than the 
pressure of hi) metres of mercury the effect of the volume eorreetion b 
was for moat gases smaller than that of the correction for molecular 

attraction ^ but when P was greater than flint pressure, the latter 


correction was greater than the former, The reverse holds gcxst for 
hydrogen, in which gas the force of molecular attraction appears to 
he very small. The results of Amagat*s experiment* are much more 
in accordance with the equation of vim tier Winds than with that of 
lioyle. 

But the equation of van dor Winds goes further than to furnish 

some explanation of the relutiuna bet ween the pmwttre, volume, and 
temperature of a mass of giyi, If constitutes also uti important step 
towards the formulation of the connection Itetweeii the gaseous and 
liquid states. When near the critical state the molecutar conditions 
of a substance are found to he much the same whether it is liquid or 
gmmm* Whence it appears that molecular energy m n function rather 
of temperature than of physical state, and flint the sumo general law 
hold® good for a simple homogeneous sulmUuice through laitlt con¬ 
ditions—liquid and gaseous, 
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The constants a, b i and K of equation 2 above are different for 
each gas. The value of a is found from the results of experiments 
in which P and 0 vary while V remains constant; and that of b from 
the change of V with P while 6 is constant. Examining the results 
of Andrews, Rognault, and Amagat, van der Waals found the fol¬ 
lowing values for carbon dioxide: — a = *00874; b = *0023; 
li = 1*00646 -r 273. 

Using these values in his equation he obtained a set of curves 
for different temperatures on the hypothesis that equation (2) holds 
good whether the sub¬ 
stance is gaseous or liquid. \ ,, 

These curves are shown V g \ ' 

in fig. 175, which should d \. \ 

be compared with the \. N V \ 

curves shown in fig. 173, b \\ \ 

which were obtained ex- \ 

peri men tally by Andrews. ^ \ 

It is seen that the two \N\ \ 

sets of curves are for the b f 

most part identical. When 

the value of 0 is below \ s b / N \ 

the critical value, the \ & 

theoretical curve is of the /'""x 

form shown in the two / x N N b 

lower isothermals of lig. ^ / \ 

175; when 0 is above 

that value, the isothermal o V 

takes successively the Fig. 175 

forms shown in the four 

upper curves. The difference between the lower curves in the two 
figures lies in the central part, which represents the behaviour of 
the substance when it is not homogeneous but is partly liquid and 
partly gaseous. It had already been suggested by Professor James 

he facts me ’ 


I! 
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a cubic equation yielding three values of V for every given value of 
P and 0. It followH from the proportion of eubie equations that of 
the throe roots of the equation either one munt he* real and two 
imaginary or all three must lx* real, Only real roofs have any phy¬ 
sical meaning. Thus when there are three different real values of V 


corresponding to any given pressure P on tin* name isothermal, as is 
indicated for the curve taut in tig. 17b, fin* meaning is that the stile 
stance can exist in three conditions at this pressure, \ iz, (I ) all liquid, 
(3) partly liquid and partly gaseous, and (3| all gaseous. Ah mother- 
main are taken at sueressh oly higher temperatures, these three values 
of V approach each other, and when they become identical the mile 
stance is in its critical state. The values of the volume, temperature, 
and pressure when the substance in in this stale are called tIn* mtiml 
wlumr (V,), wit inti impnvlure (tf,), and mitral ptfstimr (p r ). And 
then 

(V - V,y* u 

**« V * — \ *‘{\ (g ) t° *iV f \ — \ u ,,,,,,, 


Comparing equation 4 with equation 3 we have 


From equation! 


;tv 

i t I; "- 

V 

. 0) 

:i\y 

d 

l\ 

, . (ii) 

V ■' 

ah 

P 

. (7) 

anti 7 

we obtain 


1# 

1 y* 

ft 

«»?/ j 

m t o 

. («) 

V 

t 

nii 

Cij 

ti e 

* f 

Hit 

:!Tlpi 

(ID) 


Thus we have the critical eotmtants in terms of n, h t mn\ It. From 
tile valuei of n, h % and II above, we obtain for carbon dioxide I \ ■■■■s 
01 atmospheres and & 0 ^ liCKV (!,, which agree welt with Andrews 
values. 

Corresponding States* I wo different MubiUauers are in owe* 
njmndimj sltifen when tin* ratios be tween tin* actual volume, pressure, 
and temperature and the critteal volume, pressure, mid tempera 1 

turn respectively are the Mattie for the two nulmUmvm, Hitjipose the 
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actual volume, prcssuro, and temperature of a substance to be P, 
V, and 0, then wo may write— 

■p _ \T> _ Ml 

~ lc ~ 2762 
Y = p,V 0 = Up 

e = v 6 c = J®L. 

c 27116 

Substituting these values in equation 2, we have— 

0 1 ’ +;^) (/‘V, - 5) = vll9. 
i.o. from 8, 9, 10 above, 

( X (s76*) + 9^} = vli 2m 

wliich if Itoth sides bo divided by ----- becomes 

J ‘27b 

(A + p (.3/t - l) = 8v.(11) 


The expression X 

fi 

and v 


an equation containing only the ratios mentioned above and inde¬ 
pendent of any constant referring to any particular substance. 

p is called the reduced pressure, 

* 0 

v c 

e 

(L 


the reduced volume, 

1 

the reduced temperature. 


If one plots on a curve the values of X and g for a series of 
definite values of 0, isothermal lines are obtained which are common 
to all substances. Such isothermals are called reduced isothermals. 
When X, /a, and v are each equal to unity, the isothermal obtained 
passes through the critical point. 

When for any two substances X, /a, and v have the same value, 
the two substances are said to be in a corresponding state or co¬ 
incident condition* 

Thus the absolute critical temperatures for ether and carbonic acid 
are 470" and 304°. If we make v = ^ then ~ ^470°) and | ^304°^ 
are corresponding temperatures for these two substances. 
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Again, for ether at O' G. th« diminution of s|K*c-tfi<* volume that 
results when the pressure in iwTeiwcd by l atmosphere in *UCK)ll, 
The critical pressure for ether is about dfi atmospheres, Now taking 
chloroform, for which the critical pressure i* about ,V> atmospheres, 
we find, from the above figures, for tin 1 diminution of volume in 
chloroform corresponding to the increase of l atmosphere in pressure 
at 0“ G, the value 

•otHill x ^ •ouuo7‘.!, 


and (experiment given *0(K)07b, 

Again, take the ease of earbonie aeid and ether, for which we 

have t*dit*Mtsu %«i*i I'.itirr, 

Critical tcuijKTntur*’ , I aoi al**, j t/o nli» 

Critical pri'Wiurr ,, j 7 «£ mtu***, j ncl l< ninety 


Let the actual pressure P of the carbonic iictd gas be l atmosphere, 

1* I 

then A for carbonic aeid ^ ; and the actual j treasure of 

ether vapour in the corresponding state, te when* A has the name 
I 

value, is X 3tWI ‘bl atmosphere, Tint i*» know n by expert 


ment to be the pressure of ether vapour at *Jt*o (absolute). Thus 

for ether v , 1*2, ami fin* rotresponding frtitficnn 

l#tl 1 * * 

tttre for carbonic acid - vti e ^ 304 x **« 1 (absolute), As 

the pressure is l atmosphere, this temjHiatuiv ( Hf* i\) should he 

the boiling poirtt of carbonic acid The valm* obtained by exjierb 

IUCUt 1H ^ HO ( f, 

These examples illusi rale the value of the i datums rtifitblwbed 
above in enabling the ciiiiMUtMt* of rrtflttlf dame* of aubstuftt'CH to 




There is in many eases considerable lark of exurt agreement 
between experiment and various deductions fnuu van dm Wank’ 
equation, This him led to suggested umditlralnmi** but their full 

eon«(ic|uencicfi have nut b mm developed 


Qt *KHTUlSH A \ I * EX KM ISMS 

k Ilwtmffwwh t«4wt*e«i ii nit* »«ni it tn|*t*ttf, I it-m til*'* ilw Wliiiwititif «f » tmm of 

citrtM»mr atml durian the ft#llt»wtfi§f **|*'o»t *.*»*» 

(a) The tp|ii|»'r»tiir#i t»» w t* tti*** |,fr<»»ln«ll% itp-uM'.i'«! feaii 

1 In fill at tut «pli wren j (It | §tt tli in jariwair*'* llr*- f« i«|«a : *iliiir m ^nwlimlty 
wined in 40* CJ»; fe) I tie prt^tirc m ihett ahai'ly if* niiiif»|ttirrii?i 
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2. DoBcribo and give the results of Andrews’ experiments on the isothermals of 
liquids and vapours. 

Idol out a curve showing the relation between volume and pressure of 1 grin, 
of dry air when the pressure changes from 10 mm. to 760 mm. of mercury, 
the pressure being read every 75 inm. 

4. Kind the work done on the air in Question 3: first, approximately from the 

diagram; secondly, accurately from the result of Art. 252. 

5. Kind the work (lone in compressing 2 c. ft. of gas isothermally until its volume 

is 1 c. ft., the initial pressure being 14'7 lb. on the square inch. 

6. If t.ho work done on the gas in the previous examples had been expended in 

warming it instead of in compressing it, find the rise of temperature. 

7. Kxplain the law of corresponding states, and give illustrative cases in which it 

may be applied to deduce probable values of the thermal constants for a 
substance when complete experimental data are wanting. 

8. Kxplain how the densities of a liquid and its saturated vapour have been 

measured up to temperatures approaching the critical temperature, and show 
how these measurements may bo employed to determine the critical volume. 


<$ 9 ^ Musk k Y'**^ 'Y’Y* Y* Y" "W" 

Jt X« j* V» X kJL r XnJ JL*V/ JL Ji JL 


8PKC1IKIO HEATS OP GASES 

(■ specific heat at constant pressure. 

(!„ Hpocific heat at constant volume. 

py 

R : the value of the constant - - for unit mass of gas. 

& 

7 the ratio to O y . 
e ~ elasticity. 
p - dcrtHifcy. 

256. RELATIONS RET’WEEN THE SPECIFIC HEATS.—It 
has been shown Unit when a gas is heated and allowed to expand 
under pressure, work is done against that pressure. The onergy 
supplied accomplishes two objects, tho hoating of the gas and the 
overcoming of the external pressure. If, then, gas bo heated under 
such conditions as to do no extornal work, the heat required to effect 
a given rise of temperature must be less than if extornal work is 
done. There are, therefore, two values for tho specific heat of a 
giis according as it is measured at constant pressure or at constant 
volume. Their experimental determination has been described in 
Art. 77 . Rut the values of both C„ and C,, wore known before 
either of them had boon experimentally determined, as the differ¬ 
ence between the two quantities and the ratio between them had 
been found by other methods. The methods are;— 
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(i) The difference is found hy determining tin* alt*nt of the 
energy expended in external work. 

(II) The ratio y in found from obNenatiutis oti tIn* ht^ifin«^ and 
cooling efforts which are produced by adiabatic eftniprr^Muu and 
expansion, and from a nmifKtriHuis uf the calculated with the 
observed veloeitiert of sound. 


257. DIKKHKHNH*; OF THK SIWlFir 11 FATS. . 
(5 -s (’ — K, In Art. 21*1 it wan calculated t hat I ho external 
work done against tin* atmosphere when 1 gun *«t air expanded 
from 0 to 1'* was ‘2^7l*UH) ergs, lint, thru, m thr amount uf the 
difference between tin* specific heats of an, Now \ » ahatc 42 
X U) tt ergs. Therefore 2*7 l If HI ergs 11# ** 1 1 caloric, If we 
take the value of specific heat of air at cmntaht prelum* found hy 
Regnault to he ’2.175 calorie, then the value of { \ m ‘2175 — utlp 
ss * 1185 calorie* and the ratio 


• 2.175 


C 


shown in Art. 211, for nuv 
similar eulculation nmv he made foi 


( 




that 


'iMi 


358 . RATIO OK THK SITCIKIC IIKVfS Wh.-t, H g«w in 

comprasiied adiahaUrully (Art, 2<»* 1 it* frtitfMWijf utc rimm, and when 
it ux pant 1 m ndiabntienlly its temperature TdK ami tin* change of 
proHHure or elasticity in wieubh piojiottnui.d t»« fhe 1 liaiige of tem¬ 
perature when tin we change* atr Hiu.dl The tatn* hrtu een the t wo 
elaHtieitiert when a gas expand** ndtahat n ally and ulsmi it *n|«4tid» 
mothermally is the same »# thu ml in bet w em the t w«» ojaadlic heats 
of the gas. The temporal we and prevail e itnitnrtitm ily iilliittied 
by the gas during an udt&hattc ex pa muon uuumi l*e iliinily m«i,. 
iureci CJbhnetft ami Ihhmntie**, tlnniTiifr* titaiir tln< r x p»t intent in 
the following manner • 

A quantity of air at a |*re«#isr«» digfuH difb u nt not** f suppose 
below ) that of the atmosphere, Was rtp’joml 111 11 large glmm %mm 4 A 
(fig. 17B). The prwtittre p t of the rotilhted air w*w» mrastirrii liy a 
manometer 


A tup «M wiw then ojtened ullfiii tiiff I'tiitiiiiiiiiiiiiisiiii iistti tins 

atmosphere whoso proM*urc wiitt I* 

A rapid eijualt/atintt of pieman* It m 4* place Witt ecu the attno 
sphere and ihti air in A. The prone** itnit a.Mtnmrd n* he riinijijiitii 

in about half a mnsoitd, mill tine mp mm tlrnti td«»r4. 
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During this time the air in a had been compressed, and there 
was not times for the heat developed during the compression to 
become diffused, so that at the instant of closing the tap the air in A 
was hotter than that outside. As it gradually cooled its pressure 
fell, and when its temperature was again that of the atmosphere, the 
pressure as measured by the manometer was The ratio between 



Fig. 176 


and P may be taken as the ratio between the temperatures at the 
beginning and end of the half-second interval. 

Tims, in this adiabatic change the original and final pressures 
were and P, and the original and final temperatures were in the 
ratio of jk 2 to P; then by Art. 268, equation B, we have 

(,’.)? _ (?,)? - > 

y (log p., - log P) = (y — 1) (logfi - lo g p ) 

. _ log r„-J°jL£j 

log ft - hgp L 

"P —. fn 

or very nearly y = /1 * 

Pi> Pi 

In one experiment the original pressure p 1 of the confined gas 




m * « tti 

%A I 


was -91>r»:t inagmlynoK; tin- final pnwmiv />. wan t'OOHS 
the atmosphere 1' "'as l'OKSti, 


then y 



h Pi 


rtlUSS * 


•til s:i 
nl :ia 


That of 


Masson and Horn obtained value* about M, 

Thin method in liable to error bom two *ntm*e*. Use etmngc 
is not truly adiabatic; e\ erv MtbManre conduct ^ lout to anme ex» 
tout, and in half a Keenti 1 the l «»mh by conduction mteU have been 
appreciable. And, moronsrr, a acnes of on'dlntem * really takes 
place at M, ho that it m very doiibiful nt the iitmisriit when the stop- 
cook is closed what the profuse fawitntrd l*f te.iily h made the 


259 . Rontgens Method, Umitgen modified tin* method an fol¬ 
lows. Ho employed a gins* sewe! a (fig IV Vs has mg a capacity of 

Tu litres (about l*), e ft 1 , and I lit" change 
of pre.HHiue ua-’i mdieated l*v ineiitsH of a 
special iirraity.eiiiriif resembling mi aneroid 
bitroiinirr, \ 1 u» uhsr e»»i 1 ligated [slate of 
(terissau ei «r? wa* nmicucd os er an uper» 
tits** SO the : ode *4 tlie gl.os , s esvad t‘u fhk 
plats* ss m atfa*hed a Miml! ii«| !\ which 
prewed again*! file baeli of 4 milt <»r f that 
was mounted oil a tlr\thle attit d, ?*n that 
when tIt*' psenione ttt a * hanged, tin* mirror 
r perforated an angular motion round the 
point r, and 11 »pot of 1 11 ; 1 1 1 letlrrtcd from c 
wm tint* made to trm er^e a scale, This 
aneroid wan protected by 11 vowel u, «lit* It * omnium* ated by menu* 
of a tuba / with another large gbim globe containing an* tit ntmew 
phene pressure, The t|tanttfiliei* oh*mse*| and tin* method of 
experiment were the Mime m befur«\ incept that /»,, the original 
pressure, wjw in ibmtgcu* mpenmeut * slightly g?enter than that 
of the atmosphere, the retaill bring adiabatic mpiimoun instead of 
compression. 

Hie value obtained for air wan 1 Sk\ 
nnd for earl am dunide 1 lit *r» 



a6o. y DKTKltMlNKD FitoM 11 IK \ KLtKill oF SOUND. 

— The following method of finding an in pi emu on lot the irhcity 
of sound iu duo to iCiitikitin, Kit fig, ii> lepiemoii it ink? one 
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square centimetre in sectional area, through which a sound wave is 
panning with a velocity of x centimetres per second. Then x cubic 
centimetres of air are disturbed in 
one second, and if m be the mass in 
grammes of these ,r cubic centimetres 
of air, and V the volume in cubic cen¬ 
timetres of one gramme of air, then 


(r 


Fig. 178 


mV or m 


X 

V 


(i) 


Imagine two planes a and n moving along the tube in the same 
direction as the wave and with the same velocity, x centimetres per 
second. Air particles are continually passing through each of these 
planes, but the form of the portion of the wave they intercept is 
invariable. 


In Plane A. 

Let the actual velocity of the air particles bo a 

Then the velocity of these particles relative! 

to the planes are respectively ... .../ 

And the volume of air passing through the! _ 
planes per second ... ... ... .../ 

And the mass of air passing through the) x — a 
planes per second ... ... ... .../ 


In Plane B. 

b 

x — b 

x — & 
x —■ b 


Where V t and V a represent the quantity V above, under the con¬ 
ditions present in the respective planes. A little consideration will 
show as above that 


m 


V, 

a 

and b 


x — b _ 

- 

m 

x — mV, 
x — mV 2 




(3) 


The same mass m of air passes through plane A and plane B per 
second, but it has a velocity of a in plane A and of b in plane B. 
There is therefore a gain of momentum = m(b — a). This is due 
to, and equivalent to the difference of the pressures (F l and P 2 ) in 
the planes. 

/. l\ - P* = m(h -a). (4) 

but by equation (2) b — a = m(V t — V 2 ) 

A I > 1 — 1\, = m y (V 1 — Vo) 











but by cmfiiiithm 


Newton found that the v« % t» h i!\ »f jh» itn* 1 m am mm \va* nipm] to 
,^/ohiHtirity I donmty, till! lib i«*nt <‘ialuu!u»n ili»l n«it ngn* tt 

with oxporimtmt, boommo li« % took *h** \ahm >4 * «>■» »i***t 
under mothernud condition* 

hi the propagation of a m aitul \*nvi* f Is*" an im ultonmtolv eorm 
pr muted and rarefied many t iiiimh, usually houdicdH «4 iimrs in & 
hocomL Thene roinpreiwiottH mid rmvfjwttmm .ur .i<‘i'oot}t;tittod hy 
the production niul ilifiiiiijtimninr** t»f heat, hut ilir * Imugo tnkm pliwa 
mi rapidly t lint the tcmpeniture* *4 the ilitlnnnf part a cannot be¬ 
come equalized, and tin 1 pnmm m almmt a §«nftmf mattijilo of that 
adiabatic etuuprcaaiou and expansion ultemplrd t»* hr mpei micntally 
obtained in Rojtfgottb experiment* given 11m value of « in 

the above renult is therefore the value i»l thr i1antjnt\ determined 
Under adiabatic condition*, mil, m Newton ^ f f|I he % nine of i 
which k obtained under irtothetunil * ohdttiott**, i c. 1* It nmy f»# 
tthown that the adiaUitie «if * t« m i»»«i in y l\ tin i» l 1 in the 
prommre of tho attim*plicrc. 

11 

Therefote / !;l y , or y * l 

‘ r l* 


4 

X 


X 

'X 


r 


For perfectly dry air at 0 (' mwl ilhi min prc^uto p 1 it 13(5 

X U) fl dyum* per wp rtn, and p f mi gun The mean nf 

twelve determination* of .*» fiwi m bluett \ V o, m b t*"n$fanh % k 

S31 HO cm. per #<n\ 


# 

* t 


/§ I 1 

W 

1 * 401 . 


1 ♦, itr* 


Tho value of y in usually taken m l it. 

a6l. The value of y liettig known f«n air, I Inti nf other gage* limy 
ho found experimentally hy tho mntht*d of Knuds The appanilutt in 

tihown in fig, I TP, kb! in a lung ghm fuilw «f hirgo lw*ro in rwiitain 

tho gnu. C)ii« oitd m rh»i«l hy n tm»Y«ihl«* nto|»|nfr H and tlm iithitr 
by a llxtid iUipjMir nl Through n' a gl sum t 4 ifi« t» imirying it 
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% hU y. fifcf'hig stopper c. The tube aa" contains a small quantity of 
some light dry powder such as that of lycopodium. The tube r> is 
rubbed briskly in a longitudinal direction with a damp cloth and a 
musical note is produced. When the distance between b and c has 
been suitably adjusted, the lycopodium powder in BC collects into 
small heaps, and the distance between the heaps is proportional to 



Fitf. 179 


the wave length of the note, and therefore to the velocity of sound in 
the gas contained in the tube A. 

0 

Then we have for air y x __ 


and for the gas in question = 

. _ 

• * 

Vi 



x, 


2 

) 



Pi. 


Pi 


) 


but if and L are the distances between the heaps of dust, 

4 = :r, i * 7'J /kV P'2 

h x i " 71 \V ' Pi 

whence the value of y t > is known. 

262 , RANKINFAS CALCULATION OF THE SPECIFIC 
1 iHAT OF AIR. Iiankino calculated as follows the value of the 
specific heats of air a year before Regnault determined the value 
^f t 

The difference between the specific heats is obtained by the 
method of Art. 239, and we have thus 

i* — 0 _ n — .naoi 

lv *—• VVp V/y **** VU V Jli 


The ratio between the specific heats being obtainable as in Art. 260 

from the velocity of sound, wo have 

C =, 1*41 0 

“ w a8 “ a ' A <1 

There are thus two independent equations containing the two un- 
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known quantitioR. Tho solution of thorns equations gives both the 
quantities sought. 


Thus 


■-11 ('j “ ( 

tit 

( 

and ( 


• # * * p 

I 

|f 


•ur»*u 

•imuh 

•ir»8 

.*017 

Kill ( | 


It must bo observed that in the mlrulnfimi of the value of 
C p — 0, (Art 25?) on whioh this calculation in founded, tho value 
of <) is involved. 


263 . CALCULATION OF JOT LICK KyHVALKNT. Whan 
Rognault had determined nxiwrimimtally tho value of i\ t it became 
possible by taking the value of y either from ibrntgen « oxj>erimente 
or from the method of Art, 2<U) to calculate J. 

If y be taken as 1*41, (\ t being given by Reguault m 237, we 
have 


1 * 
v # 


mir I 
111 


3$ 


Thus the heat-equivalent of the externa! work done when 1 grm. 
of air is raised in temperature from u (\ to l (\ under atmospheric 

pressure is “237 — dfiH ^ ’(MU* calorie. But this work has been shown 

»>)g7 1 

to ho 2H71300 ergs (Art. 23ft), therefore urn* calorie 


srs 4 1 *55 x l O 4 ergs. 

Mayer made the earliest calculation of the value of the meehani 
cal ecjuivahmt of heat. Taking the data it\ adable m his day for the 

calculation of Arte. 23ft and 257, Mayor obtained the value ItfHI x IQ 4 


264. RXAMPLK. 

The ijsidfie gravity <*f a iwtain glut ttiitler a ptrmmp «f 7 fi on *»f ttwmiry nt 
0* u » mm thousandth t»f that of wnt**r, What t* ihr of amiint at tint 

that fctimwsmtum! 

I* 

In tile # ? y ™ 

#• 

•y 3 §t T4» p ■■■■.% *001 grin, j*r*r nw » «i4 

I* , 75 * I ltd y »|yi|r-» J*»f «<*§ rffi, 
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L Show how to calculate the mechanical equivalent of heat from a knowledge 
of the specific. heats of air at constant pressure and volume respectively, 
explaining carefully any assumption made in the process. 

2. Determine the value of the mechanical equivalent from the following data:— 

Specific heat of air at constant pressure = 0-2374; velocity of sound in air 
at 0 G. — 33300 (cm. sec.); mass of 1 c.crn. of dry air at 0° C., and 760 mm. 
pressure = -00121)3 grm. 

3. Calculate the value of the specific heat of air at constant volume from the 

following data: Hp. heat at const, pres. = -2375; J = 1390 foot-pounds: 
pressure of the atmosphere 14*7 lb. on the square inch: coefficient of expan¬ 
sion of air 2 * 8 ; mass of a cubic foot of dry air -0807 lb. 


ntr A 1>T If P YY I \T 
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265. ADIABATIC CHANGES. — The changes that were con¬ 
sidered in Chap. XXII as taking place in the volume and pressure of 
a gas took place slowly at constant temperature. In the operations 
considered in this chapter, pressure, volume, and temperature may 
all change simultaneously, hut the condition is observed that no heat 
enters or leaves the body during the operation. 

Although it is not possible experimentally to realize exactly the 
adiabatic conditions, they are often approximated to when the change 
takes place rapidly, and the substance acted on is surrounded by a 
bad conductor of heat. 

The great change of temperature that often takes place under 
such conditions may bo illustrated by a common experiment. A 
piston tits air-tight into a cylinder which contains air and a piece of 
tinder* On rapidly forcing down the piston the tinder is set on fire, 
showing that the air has been greatly heated. Where does this heat 
come from? By the light of the first law of Thermodynamics we 
are led to conclude that it is the equivalent of the work done by the 
external agent in forcing down the piston. 

266 . Steam..— If a mass of saturated steam be compressed adia- 
b&tic&lly the steam ceases to be saturated. Although its pressure is 
considerably increased during the compression no water is formed, 
because the temperature is raised so much by the act of compression 
that the pressure attained is below the saturation pressure correspond- 

(C*78) 24 
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ing to the now temperature. 
mu.Ht be withdrawn, v\ hen its 


TIihh to keep III * 1 *te;un witimitod, lieat 

pressure and temperature an* increased 


Thin result m Homotime* expressed Uy the .statement flint flu* njveeific 
boat of naturals 1 steam in negator, 


267 . ADIABATIC' (TBVKS, An adiabatic curve cannot bo 
directly obtained m wan the cane with tli* % Lot henna! (Art. 245 ), 
If it could bo contrived that a minn of gas duaild bo contained in a 
cylinder whose substance was a piulref mm conductor of bent, the 
relation between tin* volume and pressure could be obtained, and an 

mint bat ic rtir\e or line 



eost%f rtirf ed in the luane 

manner a a 11s I lmt article, 

; Although tIn4 is not |urn* 

j table, the general form of 
mi adiabatic rune can lw\ 

i readily shttwu, Let tint 

i 

j Dig I huj be nn isothermal 

* hue, and let tot supjwme a 

j i|tiiintity of giii contained 

j in a perfectly mm con 

1 , * » 

, duct mg cylinder to be in 

j the condition corresjKimb 

\ ing to the point u, or 

1 fepi csrntilig % |.i4 Volume 

iimi m it* prwtutire. I*et 
tile 1 volume lie fid tilt ice 


ally dtmtttt*hed to 00, 

Than the work dona on the gm in forcing down the pinion m 
converted into sensible beat, and the teifijirtaftitr* of Stic giiii rises. 

Thin rise in temjiemtttre is acromjianied by mi memw of pressure 
quite independent of the rtwutge of pressure indicated by Boyle’s 
law. Ilia pniwura now will not therefore l*e t-epicftrutcd by u#i, 
tlm wotluirmid ordinate, but by the longer ordinate alt* utid fitts 
point h is ohtatmx) on ilia iidiiibutir. 

Lat the giut be then restored to its original condition eorresjmnd 
ing to the point «, mid then let, its volume be mrrvmwl inluilifitiriilly 
to on, The energy expended by the gas tn furring tip the piston 
hint for its equivalent the heat withdinwn ft out the gas, whose trim 
pamtura therefore falls, Thu full of tern tie rail ire email* 11 full of 
pressure, and the prewittra now regwtnni will lie a i|iiiiutity it« kti* 
than Hr, and the jaunt # m abuttied uti the lienee w« §ttt§ 
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tluit the ndiubntic linos cut the isothcrmals in the way shown in 
Hg* 180, the upper part of the adiabatic lying outside the isother¬ 
mal, more remote from the line of zero pressure, the lower part 
inside, nearer to the line of zero volume. Fig. 180 shows three adia¬ 
batic and three isothermal lines for air. The isothermal lines are 
rectangular hyperbolas, the adiabatic lines are not of so elementary 
a geometrical nature. 


268 . EQUATIONS TO AN ADIABATIC CUEVE.—Suppose a 
volume'. V of gas at pressure \\ and temperature 0 l to be enclosed in 
a perfectly non conducting cylinder in which works a piston. 

Let the gas be compressed adiabatically by an indefinitely small 
amount <t\\ and let the rise of temperature be dO; then the work 
done on the gas : . 1VV. Also the heat communicated to the gas 
is equal to (the specific heat at constant volume multiplied b y d@, 
the rise in temperature. 

Then regarding the internal work as zero, if all the quantities 
be expressed in absolute units, 


(5„ x d$ = P(~ dY), 


the sign of dV being negative, because there is a diminution of 


volume. 

Thus O/ifl + lVJV = 0.(1) 

But V = R0 I 

G„d6 + R0 d y = 0 

and C. d *+ U d y = 0.(2) 


Now every operation in which a gas is adiabatically compressed 
may be considered m divided into an indefinitely large number of 
HueeoHHive operations, each indefinitely small. Equation ( 2 ) must 
therefore he integrated. 

.\ log, 6 + K log, V = a constant 

But (Art. 257) U = C v - C tf = (y - 1) C v 

(\ log, 6 + (y - 1 ) C, log, V = a constant 

/. log, 6 + (y - 1) log, V = a constant 

A log, & + log, V Y “ a = a constant 

0 Y yml = a constant.(A^ 

or W" 1 - ......(A) 
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An equation which shown the tvhtum l»e!w«wii volume and tamper*, 
ture when a giw in iidiubatinilly *i on preyed, 

Thtt rtdntiouH between the plenum* and frfu|M<rutute and between 
the premmre and volume iiuty l«< obtained turn equation (A) by 

I pv 

remembering t!mt under all niTumUamej* iitr quantity K ; ^ 

ji|i 

remains cuimtiuU, Thun V ^ » and equation (A) heroine# 


<>■:) 


0 

* * 





1 


« 





which »how§ the relation between 


I tic letitjiriaitirr mid {invuiirti 


Aim» id fire A ;' J 

P f 1 ! % | 

From equation (A) wo Imae 


", 

i* 1 1 
* 1 

FA 4 

£ 

\ 1 ^ 

l* \ " 

1 1 * 1 


* l 1 V 1 

§* X 

# ii 


or FV* ■ 

a rofiMfiinl ,.,..,( 0 ) 

the equation which determine!* flip 

nalnir t4 .in in linl mlir curve 


axprctitscing the relation liriween jire*ftutr and \’>hitnn 

a 6 g. WOKE IHINK liflliNfl AN AlHAilATK 1 (‘HANUE 

—Let thti original and tiinil priuMturon und toltime* \m nwjittiitiviily 

PjVj and l\ 4 V r 

Then in an indefinitely amall change of t ultimo tfV the work 
clone ia 

rfW M f \ilV 

But l\V x * ™ F,V/ ** FV* a nifiitiiiit A 

«/\V A ,/V . 

y. 


A 1 I A 

And if 

V, to V„ 


fcb« work «ion« wlu'it tbn vuioitti* rbinigM from 
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Or since A 
written 


w = 

a( v - 

<IY 



yy 

fdv 

1 

1 

j~yy 

7 ~ 1 

' yy- 

W = 

A * 

_ /_ 



1 iv. 


PV 7 

/_ 


y — 1 

tv. 

= PV? = 

= 

y — ; 


W 


W 


7-1 y 7-1 
1 v 2 

1 __ 1 

~V - 1 V v - 1 

1 v o 

P 2 V 2 7 the e ^ a ^ion may be 

p«yj- 


7 


i lv/‘~ l v^- 1 


} 


Wi 


y — 1 

If the expansion 1)0 to infinity wc have 

]> V 7 f 1 1 

W ' _ U. i - 

w mmu a 

7 

and the last term becomes zero, whence 


p 2 v 2 } 


■(D) 


r iv y - 1 Vg 7 " 1 


p v 
x 1 v 1 


} 


7 


1 


270 . Wo proceed to an example. Two cubic feet of air at 0 ° C. 
under a pressure of 14*7 lb. per square inch are adiabatically com- 
pressed into 1 e. ft. Find the pressure and temperature momen¬ 
tarily attained, and the work done during the compression. 

(a) Pressure. P ^ 7 = P 2 ^ 2 Y 
(14*7) (2 ) 1 ' 41 = l\(l) V4X 

/. log P y « log 14*7 + 1*41 (log 2 ) 

« 1-1073 + 1*41(*30103) 

= 1*5918 


(b) Temperature. 


P 2 = 39*066 (lb. per sq. in.). 


& V 7 " 1 

v % v t 

. log 0 * 


0 /V ^- 1 

273(2)' 41 

log 273 + -41 (log 2) 
2-43616 + -12342 
2-55968 
362-7. 


The rise of temperature is thus 89-7° C. 
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It in instructive to compare this iv^ult wit I* f Itjif obtained j tl 
Examples f> and Out t hr end « »f (‘hup XXII If might .if fu-Kf \ m 
supposed that t he ndeulaf ions ns f In* l.itf**r «*l f ln» *«- i*\ ( tmp!<et gtvo# 
the rinn of temperature hese rcipiiivd. Hut flu* i n k inm* on tin* 
gas in that cast* is less than when I 1 m* »ompi«• rmm take * plan* j M |j a . 
batienlly. For tin 1 temperature ennitucnces to i me immedt.ttclv tho 
compression begins* and thin rme »»f tempera!ui»* in«'n*a.Hi*H the pm**, 
sure of thi' gas, ho that throughout fInn u In*l»* pj uee^ the prcssuro 
to ho overcome is greater than in tin* case *u i?na \u t mal compression. 
Wo havo therefore f * * employ greater ho it to Hlrt t t hernmprcHHinu, 
and sinoo this force work* t h rough tIn* >anie di n un*e a** before, the 
work dono is greater, and tho n*e of fempej.if me urn *t therefore ho 
greater also. 

(r) Work dono. » 

W *■ * *1* V I* V * 

¥1 £**;*'* * | * | I * 

mpm I 


Since tho pressures are mitt not on opjK*?nte dde* M f the mpmtiun, 
relative values art* not sutheieut, they mien 1 »» evpie-^rd in terms 
of tho wptii.ro foot as V is expressed in 4 nhie h h 

Honors W — }. |( 1IJ x - (III ■% It <i:?; 

■II ' 

^ x ill x iHhir. 

" XI lift foot |Hil!I|ihi s 

which m equivalent in heal units to ** 11 j^uml ilegnm* 

Now iitpjHwo this energy to Ih» expended m warming t ho nifj 
than tho nmm of air ifill Ih, amt tin* »j»***iiie heat «i constant 
volume sa * 1 tlHfh whence the heat requued to raise tho air through 
1° Cl ** *1(114 X ifJ8f» o ifi:* f*«ii |H,iititk 
Tho riiti in temperature i« tln nioin 

xu : mi'j m 7 i\ 

a result which iigniiw with that above, 

271* KNTHOHY, A*lirthiittr cun m lire ifiiliirttinea i fttlmi i«n- 
tropic* or lino* of rounuuii entropy, jtwt .no h»«<* of 

COlUttftltL U'ltlJH>rutllIi>. Thu I’ltiin’jUmii of tuiliopy l> lutlrh tlurtl in 
tho rimtlHtitmtiail tmitment of ihoiimil rhiin»*.'» |i ut>iv W ih-hnwl 
hm thiit jirnjM'rty of n itilwUiii'i’ h hit'll hitiuiui. rnoni uni u Iidi a Inxly 
iiKittmic*H tlifftiritiit Hlulm without guming „r l««tu K > h<<nt Th<’ cut ropy 
of a Inxly iiirmuioH when heat entcu tin !«*h <m.l «h.»rw»wt nhutt 

% % W ** 

Itoat leavoi it 
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If a IhxI y lose a quantity of boat H at a constant temperature 

H 

its entropy is diminished by an amount ~ A ~; and if another body 

whoso temperature, is receive this quantity of heat H, then its 

II 

entropy is increased by the amount 


The change of entropy in such an operation is therefore 

II _ II 

(K> 0 . 


0 , — 0 » 
6 A * 

L <2 


This (expression is positive, since is greater than 0 2 . There is 
therefore an inc.re.ase of entropy. Heat always passes from a warmer 
to a colder body, and the entropy, therefore, of the universe is 
always increasing. When if has reached its maximum no more 
exchanges of heat can occur (Art. 211). 

EX Kite IKES 

1. A mass of air at, 15" 0. in suddenly compressed to half its volume. Calculate 

t 1 h* temperature it, will momentarily attain. 

lojuj 2 *30103; log 1*32 rz *1204. 

2. A mass of gas whoso volume is 2 and pressure 5 is suddenly compressed until 

its volume is >j. Kind the pressure attained. 

log 5 -(19857; log 3 = *4771213 

log 4 *60206; log 7*r> = *87506. 

3, A mass of gas whose volume is 2 and pressure 5 expands adiabatically until its 

volume is 3. Kind the pressure attained. 

log 2*82 ~ *45607. 

4. A ruble metre of air is under the normal pressure of 1*0333 kg. per sq. cm. 

By how mueh must the volume bo increased in order that the pressure may 
be halved, the change taking place adiabatically? 

log 2 ■ *80103; log 1*6349 = *213496. 

5, In the previous example find the temperature attained, if the gas were orign 

nidly at *27" tf 

log 300 r 2*30108; log 163*49 = 2*2135. 

6, Find the work done in Question 4. 

f. A eubie foot of dry air at 17" O. in under a pressure of 14*7 lb. on the sq. m.; iz 
m lulmlmth'iilly compressed to four-fifths of a cubic foot. Kind the pressure 
and teuqwmture momentarily attained and the work done during the 

ojximtum. i t)K ,,. 7 Tlfi7iil7; 1,« V25 = -09891 

log 20*185 = 1*3039604; log 290 = 2*462398 
log 317*78 sc 2*502131. 
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8. Taking i\w <K|U»tion TV 1 * 41 10, mentruet itn ndmhntir nsr\r hy giving V ^ 

HuccH'rtHivt'ly t.hr valuta 1, ;i, Ar,» ntul fituitng th«’ * mirn|w»iii|i*}|* valuta of 

V, and thru taking the valium of V tu* abmwr and tin*™ *<f I* tmimuttiN, 
[A tahlt* of logantiun» will )«’ mjuir« tl,j 


UHAITKlt XXV 
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272. CONVERSION OK UK AT INTO MM1IANICAI, 

KNHHUY. The traiwformtifion of the energy of mechanical motion 
into hoat in of very frequent occurrence, Imt the con verne proecHM, 
the eonvormon of energy from the form of heat in that of mechanical 
motion* can only ho effected in a veiy limited number of way*. It 
may bo neeomplwhed by heating a thermo elect! ir jtineittm and 
utilizing tho electric current ilttot produced to drive an elect rot ting- 
notic angina, or by taking advantage of the expansion pmdttctxl 
when unbntitneon are heated, Any nmii mure by which heat i§ 
contimionKly converted into murk in culled a beat engine, the exact 
mode in which tit in in effected being it mattes *4 punt iral conveni¬ 
ence and not of principle, Of heat engine* bn nett on the principle 
of expansion the forum in moil gcneutl tine me air engine*, gag 
engine**, and gleam engine*. Engines run be const* ur ted in which 
the 41 working auhatunee ** in and remains* »ilid or Inftini, but they 
are not economical on account of the *mall coefficients of expiiipion 
of «olidi and liquid*, In the ruse of the Hteam etiguie the heat effect* 
the vajmriimtion of the water and thereby produce** a very grunt 
ineretuta of volume if the pro**utff remain rotmtanh We proceed to 
examine the tiiwinttid jwirtu of one or two *impln fortim of engine 
before approaching the theory of aurlt engine*. 


273. THE HTK AM KNOINK. Fig, I M tllu*tr<*te« the funda¬ 
mental principle* of the ntmm engine, The ntwtm in generated in 

a boiler It, and pa**#* thence into a cylinder where the fUeiim doc* 
iti work on a pit* ton l* t and I in a entidomier to it Inch it then jumaeit, 
and where by mmtm of a ttprity of r»ld water it t« c«m<iof»«i*l. In the 
dou bln acting engine ill® pipe* lire arranged a* dimvit, the In tiler and 
condemer each having manna of free communication with twill i§§d«§ 
of the piston, hut the meah*tti«tn k utteti that, whim the pi*t<»n k 
descending tho atopeooka a and e am open anti i* and «f mm cttitid, 
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and when tho piston is ascending b and d are open but a and c are 
(‘iosed. By means of the beam <;e pivoted at o, the piston P com¬ 
municates motion to the driving rod gl that turns the wheel r. 

The piston being at the bottom of the cylinder, suppose the stop¬ 
cocks b and d to be opened while a and c are closed; steam from the 
boiler enters the cylinder at the bottom and forces up the piston. 
W ben or before the piston has reached the top of the cylinder the 
stopcocks b and d are closed and a and c opened; the steam from the 
boiler then enters the cylinder at the top and forces the piston down. 
At the same time the steam in the lower part of the cylinder is 
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rapidly lowered in pressure and soon condensed into water by its 
communication with the cold condenser. Thus one side of the piston 
in in communication with the boiler where the steam is at a higher 
pressure, and the other side with the condenser where the steam is 
at a much lower pressure, ami by the alternation of these conditions 
tho piston is made to move up and down. If the condenser could 
be made to effect tho condensation of the steam instantaneously and 
completely there would always be a vacuum on one side of the 
piston* Since this is not practicable there is always some pressure 
of steam against tho motion of tho piston. 

Owing to tho high latent boat of steam the water in tho condenser gets heated, 
nud it in necessary therefore to have m communication with the condenser a 
continuous and abundant supply of cold water. When the water has become 
thus heated it may with advantage bo allowed to flow into the boiler, instead of 
supplying that with cold water. 



274- HTIRUNcrH AIR KN<«IXK Tfm mimfnirfiuii „f stir* 
-....g'n engine may be mideratntMl h\ rHmvmr in fig. |M2. \\ j g 

a cyliruhu* having a double buttons* tin* inner nu«‘ bring perforated 
with tmmerotw holes. In thin wmin it largo rlonelv fitting hollow 
1 * 1 % of which the lower putt H ih Idled \\ ith hrirk dust 



Pm tm 


ot other wMiI}r'€r$iiiIiirtiiig muterhd I In'! top t§*| twtffuffi of |||§ 

cylinder A ar« connected through ,t tnlm mi u tilled the 
titof| find thi npjter jKirtion & of the ethnder ,d#u t'^tMtunuunUM 
wit^fche working cylinder ii in wfiirli rnuvm tin, pmum it 

I hi^ regenerator it consists «f n nttttdwr nf lery fitiii ''fn|t*t of 
shoot iron arranged tid# by nide uliriist j* H *4 an fnrSi <«|iuft no iw to 
ox|H)no n very largo stir face; mid nt the top «f ihew u natled r«tj#jiif 
pi>i t; through which when the itiactiinii k at work n Airmiii nf mid 
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The substance occupying the spaces EDF and the tubes connect¬ 
ing them is compressed air, which is heated by a flame Q. 

\\ hen the engine has been at work for some time so that its 
parts have reached a permanent condition as to temperature, the 
bottom of the regenerator n, which is near the flame, is at a high 
temperature, while the top is kept cool by the water circulating in 
the coils so that there is a gradually decreasing temperature from 
t he bottom to the top, and the air as it passes through the regenerator 
changes its temperature gradually. In fact its temperature never 
diners much from the metallic surface with which it is in contact, 
and between which and itself a constant interchange of heat is going 
on. 

The method of working is as follows: — 

Suppt mo the plunger P to be originally at its lowest position and 
then to rise; air is forced out of the space k and passes through R to 
the spaee n. Thin air takes up some heat as it passes through the 
regenerator, and more still when in the hot chamber T>; its pressure 
consequently increases greatly, and this increased pressure is com¬ 
municated to the air in the tubes s, w, and the cylinder G, and causes 
the piston M to rise. When the plunger P descends the hot air 
leaves the chamber i> and, passing through the regenerator, becomes 
cooled as it goes; its pressure is consequently diminished and the 
piston M descends. The two pistons are so connected that one is 
half a stroke in front of the other. 

The tipper portion of the cylinder u is connected with an arrange¬ 
ment exactly like that described; and matters arc so contrived that 
the maximum pressure on one side of the piston M coincides with 
minimum pressure on the other side. There is pressure on both 
sides of the piston, and the working force is the difference between 
them. 

275. Emotion of the Eegenerator.— Since no external work is 
done when heat passes by conduction from one substance to another, 
it. is necessary, in order that an engine may have a high efficiency, 
that such a process should be avoided, i.o. the working substance 
should be as nearly m possible at the same temperature as the 
source when it takes in the heat and at the same temperature as the 

refrigerator when it gives out the heat. 

The function of Stirling’s regenerator is to effect this object as 

nearly as tKnwihle. 

276. PARTS OF A HEAT ENGINE.*—We have now ex¬ 
amined briefly two typos of heat engines. The gas engine involves 
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no now principles. From the above sketches iui idea snuy be obtained 
of the parts and method of working of any lo af engine, which may¬ 
be thuH summarized. 

(i) In every heat engine there iiiiihI be a furnace or source of 
heat, and a refrigerator or condenser into wiinh the working «nb» 
stance passes when its work m done, No fonn of heat engine exists 
in which the working substance does not take m heat from some 
source at a higher temperature, and give out heat at a lower tem¬ 
perature. 

The expression of thin experimental fact y, the second law of 
Thermodynamics (see Chap. XXVII 

(ii) The nature of the woiking substance D in 4 of the essence of 
the problem. It may be solid, Ihpiid, or gaseous, the one necessary 
condition being that it must ehatige it** volume w hen heated, Ah a 
matter of practical eonvenienre a gas or vapnui m brat 

(iii) In order that the process may go on eoiitttmntisly there 
must he a reciprocating motion of the piston, and 11 constant recur* 
return of the same aeries of stages. 

This is called a cycle of operations, 

277. WORK DONK. THE INhlDAToit The work done 

by an engine may He iweertiiiiieil front iitiininafn»n obtainable from 

the engine itself. Thus, to consider «»nl> it «mgle stinke of the 
piston; it moves 11 certain distiMiee again*! 11 rntain f»uee, and the 
work done during flint stroke is eijual ft# tin* p*#«lurt of the total 
mean pressure on the piston by the length of the ntmko The work 
done in any given time in then obtained by muinptying tins result 
by the number of strokes of the piston completed m the time. 

Tim meniurtitiwtit is effected by an indicator IItrti 11 rtfs indi¬ 
cator is shown in fig. I M 3 , by mentis of which n dmgt ntti h immi on 
ft sheet tif pujair, Hitt \m\wv is rolled on 11 «y hutlrt oft w hnl* run 
rotate round a vtirtient axis, and the diagram m traced out by a 
pencil t\ Thu cylinder tin is geared to the pniou *4 the engine in 
such a timntiiir that m the piattm nm%m t*» uml fit* the cylinder 
turns once round and buck. 

The pencil 1* is carried by the middh* one of three lei mi which 
are fastened at the point* a and v to mtrrnul anpjMii t«t The lever tut 

is etmitftetetl with a piston ¥ which work* tit a cylinder iittd the 
particular ftmutgaumtit of Invert fttlttjftcd muses the jiennl t* to move 
up and down in 11 vortical line m the pinion ¥ move* up and down in 
the cylinder. The movatneitlji of the jjiifins r are r«#ntrt»llt*l by a 
strong spring which pnmm against it* upper surf are. 
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The, lower part of the cylinder z communicates with the cylinder 
of the steam engine by a pipe, and the under side of the piston is 
therefore subjected to a pressure which is always the same as that 
in the cylinder of the engine. As this pressure increases or dimin¬ 
ishes the spiral spring is compressed or extended, and this compres¬ 
sion or extension is proportional to the pressure on the piston. The 
position of the point of the pencil T in a vertical line thus indicates 
at any moment the pressure on the piston of the engine. 

The numerical relation between the movement of the pencil 
and the corresponding change of pressure evidently depends on 



the elasticity of the spring, the length of the lovers, &c., and is 
for each instrument determined beforehand by a series of experi¬ 
ments in which the pressure is known, and the movement of the 

pencil observed. 

Similarly the relation between the actual length of stroke of the 
piston of the engine and the distance passed over by any fixed point 
on the cylinder uii must bo independently known. 

378. Indicator Diagram.—If the cylinder gh he connected with 
the piston of the engine while z is still unconnected with the steam 
chamber, the pencil remains at rest while the paper rotates, and 
there is marked out on the cylinder gh a horizontal line, the line ot 
no pressure. If the cylinder gh remain unconnected with the piston 
rf L engine „„! therefore « rut, while z 1. pieced in eonnect.on 
with the steam chamber, the pencil moves up and down, and traces 



m i'AT 

h -* 


out a vortical line. If «s*i l»«* connected with flic piston unit j? with 
the Hit'Hiii chamber Kimultthe lute traced nut by Oh* pencil 
under the combined motions is a eurve. If the art ton u| On* engine 
is uniform, the curve traced out by each complete Mruke in t he same, 
and itn area represents the work thme during the A rt*ke, Let tm 
consider one complete stroke of the piston, \\ hen On 4 busier in 
placed in communication with the cylinder the picture j ihcm to a 
certain value indicated hy the point a (fig, I* s IK and the piston 
moves forward under thin pressure through a length represented hy 
the line «&, which, if the pressure remain runsfuni throughout the 
whole stroke, is a straight line jmrallel to on tlte work done 

during this for wan I stroke being 
PJ the product of force by distance s« 

tepteaetsted by the lerlunglr #-il#ro, 
A When the turwatd stroke \n ended 

v> the steam h got «§d of, mid the 

ptesMure on tins sale of the pinion 
\n nt mice reduced, but generally 
him mi appreciable \abte that limy 
^ till rttjirt^i^lilril hy f fir iliir tv, I tin 

y buck ward mot mn »»f the piston in 
® h t opposed by litis pleasure, and the 

trig M work done agnimU it is ic presented 

by the reetangle os 0 Idle tola) 
work therefore done during the complete stroke m teproaculcd by 
the area tthrj. 

The iibcne diagram eudently represents the conditions under 
which the maximum rule of working i» obtained ftmii ibe engine. 
Hut it in unocwiornical t*» allow the to cHmjie nt full premium 

Tha oottimunicatiuo between the Iwultu and ibe cyhude? m llierefuro 
cut off before the piston ha* finished its f**rward stroke, and the 
rtunaintiur of the stroke mamimplifthcd ttndm the gradually dtintmith 
ing pretfituro of the iixjuiiaitiig nimim that lias ah cadi been iiditttttol 
into the cylinder, Tito diagram then take* ibe form m/wcu, the 
curve tfn showing the rotation between tin* pmunire and volume of 
the steam during the variable |wrat*tl, 

The area §km limy tm found by tin? met lew I uf Aif, '.bVJ, lit 
practice it m usually found by drawing it Urge niiinlwr of ordinates, 
and finding the hum of a ftttittksr of small te* tangle* whose height* 
are tins ordinate* lint* drawn, or by the pUmmi«ter. 

Thi “effective preaaurts" on the jtiftioti nt any moment m equal 



HEAT ENGINES 


365 


to the difference between the pressures on its two sides. The mean 
effective pressure is the mean of such values. It corresponds to the 
mean ordinate on the diagram. When the mean effective pressure 
is known, the product of this into the length of the stroke gives the 
work done during the stroke. 

279. EFFICIENCY OF ENGINES.—Calculations made on the 
above principle give the indicated horse-power of an engine. 

Tim brake horse* power, i.e. that which the engine actually gives out to 
machinery, is lean than the above, owing to loss of energy by conduction, radiation, 
and trietion of tin' moving parts. 


It has been shown in Chapter XV how the number of units of 
energy (II) evolved during the combustion of unit mass of coal may 
be ascertained. 

The indicator diagram enables us to determine the quantity of 
work W done by the engine during the combustion of this quantity 
of coal, 

W . 

The ratio ^ is called the efficiency of the engine. The quanti¬ 
ties II and W must, of course, be measured in tho same units. 

For ordinary engines this ratio is small, tho loss of energy that 
takes place from various causes being very largo. 


280. EXAMPLES. 


1. The area of the piston of a steam engine is 200 sq. in., length of stroke 3 ft., 
tho average pressure Inland the piston is 25 lb. per sq. in. greater than that in 
front of it, and tho number of double strokes per minute 50. Find the horse¬ 
power at which the engine m working. If the engine consumes 300 lb. of coal per 
hour and the heat generated by the combustion of 1 lb. of coal is 8600 pound- 
degree#, bow much per (sent of the heat generate^* the furnace is converted into 
useful work! ' >*■ 


Work clone in one stroke 

tl „ minute 

/, Uoweqmwer 

{leal eoneumml in erne minute 
Heat generated „ 
Work H|ui valent of thin 

m \ Percentage of heat utilised 


- 200 X 25 x 3 foot-pounds. 

~ 1500000 „ „ 

1500000 _ 500 _ 45 .|g 
83000 "“11 
= 5 1b. 

ss 48000 pound-degrees. 

= 43000 X 1300 foot-pounds. 

_ , AA „ 1500000 _ 15000 ^ 0 . E 

= 1UU X x ia9 Q 4‘fx 189 


*1. A weight of 8 tuna k dragged for a length of 830 ft. up a rough plane 
inclined 30 degrees to the horizontal, the coefficient of friction being *y|. How 
many pmmdit of coal must Ik? burned to effect this in an engine whose efficiency is 
10 per cent! 
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(a) In drugging tho wrighfc alnng tho Um* of tin- j»Iasir 

h * \vj, in «■ IK'» \ ;i x foot fwnintlii, 
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(6) In rawing fcho woight through tl*r hutglii *4 thr plan. 


Tofd/ wwl* iltnio 


(<t) Hunt prixiumt in pugtttr 

. . t . .. . , 42M«> 

wlnrh m wi|»j»Si«Hi tr 


hiinii 


?4 % * 1 llf» foot |«**i|s 

aao x vnmi bn* |N<tm«i» 

Mnamm f*«*t jmittMiu 

«M»l£ttmn l.iyti I*?M jiMiiii*! ilrgrtm 

42 ft 40 |w♦l|H(I tirgtrm » 

11*4 Ik of 11 ill I, 


S. Wlmt in tho uttMoncy of #ut pngmo wlm li ', j h tk «f r«nt m drawing 

$„ train X mik againnt a r*«i»laiir# r*§«isl to tho might *4 t§ ton, ilm wkirita 
jniwor of fcho roal k*i»g Mirti that thr of S lh t ftirmfih** tint ft* dt 

hmt 

(1) Work douo hy thu ottgtitr mini** t mining \ link 

!J -< 2240 * I#rtd * a font |«umtU 


(2) Knorgy givon out hy th*» **»• 
.: ‘2H X Hfk«I 


Rfttaknry 


a h y;w« 

2 a um a 


d 

X 111110 font |i*» 4 ISpiiN, 

* I #4111 x :i 
* ! If pi" 


"OM* i,o. *V1 j*nf 


IvXFJItl 8KK 

1* A pinion wlmim itrwi w Itfl *»§. in. Iw * Ipfigih of 4 fi ; ilir» plbmiim 

prtmmiro Iping If* It*. «tt th» *»j. in.» i«»t fli«-» work in i»«n» ntr»4«, 

2. A pinion wtuttw arm w tot wp m,, atul kttgtli *4 a fi, wn«rk» with mi 

eflf#o4iv« prontot* of *Jft It», j*»r »j, in, «*n tl»*» ponton If th«> hoiw j««wt*r 
dnvtiltipix! tw It*, how many »tp»k» j»r finiiiiie *f*> tnmlr? hy ih» 

8, In a* attain tln< tliamrtor of flu* mimm ryliiolr? w f*o in, thr IpiihiIi of 

itrtiko w ? ft,, tlin tiiisntwr *4 ilonhlo »ir»4« *«» j«n tfi»iuii», »ml nipiiii 
offpotuo pp-iwtirt* of itio ft|iiii!it i# I Hi It*, »*n ifi*’ «»| in EiipI (lip Jinf»i* 
JmWrr tif fcho HlglliP, 

4, Thr oyliwkr of an otigmo i» *il» in, l*»ng, *l<mm m «ln»iiir«| ni h tt». at^tual 
pfe'itHurt' until otw fourth «f tlip »tr-4» i« *i»I thf final |*rmM»><r«> » 

4 IK Dtvitlmg tho »trokf» inl« 1*1 f»|ii»I ftn«l ll»» •Irani at 

piuiIi fKiitifc of ititwiiiii, mitt »t wilt a *l»#gfm#»i of tl*o am»fk *Ion» ( !%»t ulna 

tho niPiti prmmurm of the *t#»m 

B. Thu uyittutam <*f m I»«'‘n«iiiiti¥** m*' I Jf in it» t|iam«>trr, *iol tho length of 

Ntrnkn in *M in.; »lw*. ttw tinting wl»«4 mt»kr« Um ubmH® 

alrtiki*! |»r mtmtUs «»t Uw» tttmut 

Fititl iho I»nni0>|«iw«tr. 

0. An nttgtim k mtii|^t«til t«» 7fl i«illlit*iii of ihr««ugli I ft t»f tli» 

fwirning <if 1 t*i IK «if «ml, Ifuw umy |«nimli «f 4«*m it pur 

liowi’jtowiir |»r tiwnrf 
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7 * Define the horH(‘»poww of an engine. If an engine consumes 2 lb. of coal per 
horse-power per hour, how many foot-pounds of work will it perform when 
consuming 112 lb. of coal? 

8. hind the horse-power of a locomotive engine which can draw a train weighing 
100 tons (including its own weight) along a level road at 30 miles per hour, 
the train resistance being taken at 10 lb. per ton of load. 

0. If *100 tons be lifted 10 ft. in 10 min. by a steam engine, of which the area of 
1 he phdon is -100 wp in., the mean pressure of the steam on the piston 25 lb. 
on tie’ s<p in., tin* length of stroke 4 ft., and the number of double strokes 
made in a minute 15, what, proportion of the power applied to the piston is 
lost in the working of the maebinery ? 

10. The diameter of the cylinder of an engine being 53 in., the stroke 5 ft., and 

the number of revolutions 30 per min., find the moan pressure of the steam 
to develop OOt) indicated horse-power, 

11. What is the amount, of work done in a single stroke by an engine when the 

average working pressure of the* steam is 20 lb. weight per s<p in., the length 
of the stroke 2 ft., and the diameter of the piston 7 in.? 


/or i omnr> \r \r\7I 
\ ' I l A l I 111 I Vi AAV l 


niKORY OF HEAT ENGINES 


aSr* CARNOT'S PERFECT ENGINE.— In the preceding 
chapter Home idea has been given of the principles of working of 
actual heat engines. The main process on which our attention is 
fixed is a conversion of heat into work. Whether steam, coal gas, 
or air be employed as the u working substance ” is merely a matter 
of convenience of application —not a matter of fundamental prin¬ 
ciple. Steam is widely used merely because it is a convenient sub- 
htanee for carrying tbo energy and applying it as desired. In 
thermodynamics we think only of the quantities of energy that 
these working substances take in and give out. We therefore pro¬ 
ceed to consider the theory of heat engines without regard to the 
practicability of the arrangements. To illustrate these principles, 
Carnot, a French engineer, put forth the idea of a very simple 
engine. No such engine can bo actually made; it is imagined and 
described only to enable ns to consider the essential operations free 
from confusing practical details. In fig. 1H5 A represents the source 
of heat, a laxly always maintained at a higher temperature 0 2 ; 
X represents the refrigerator, a cold body maintained at a constant 
lower temperature ; o is a cylinder, containing the working sub¬ 
stance confined by a piston F, The sides of this cylinder and the 
*«> 25 
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Ilf heaf till', bottom of the cylinder 

.. 

"““ss „ «,*,»»■*'> * >" fci sssi 

ur radiation, and no purl ion 
() f tho working Hulmtunro 
rarapon from l ho marhinn 
in an unknown rondilion. 

Hit'* working Huhntiutoo 
Ktiirta in a rortnin known 
Htuto, ami aftor going 
through a sot of oporationK, 
Imvoa otr in oxartly tho aamn 
condition an that in whnh 
it at acted. rtnior ihosn 
rircutnatanren there m no 
change in tho intriuaic im* 
orgy of tho working *uh- 
a fiirrtor hy which ouorgy ia taken 

^ A ft ’ «,! .......lill 4 tkfe«i 


A 


Ti»$ 

a^stS^ 5 ®®' 



X 

t Ki 


t|s» 


if 

i 2 


Kl«. W 

r ec, being in the „W«. un 

7' sih TLi of operations i* -lied a ? ./e or -mefnneH 

-W- w ° 1,1 ;[;i‘j r r -h ,l ,y ,m ,ul ,,M 

' W| *a8a. (*Y(i#K OF OlMCftA- 
TIUNS. Hupjwwe the working 
unlmtanre to originally at tho 
UmifHwattiro 0, <»f tlm refrigerator, 

mill lot it# condition iw to volume 

(V|) nitii pressure (P|) lw fojini® 
mmlml hy tho |#tint a on tlm indi¬ 
cator diagram (tig, IHil), theft lot 
tho m\\mumv 0 intuit through a rycte 

V of change*, thus; 

(i) !mt tho cylinder m pin#** 
on tho tpifi conducting niatid, and 
hy furring tho jnutoo down, lot tho 
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area A Kbit, Since no heat enters or leaves the substance during 
the operation, the path Ali is a portion of an adiabatic line. 

(ii) Let the cylinder now be placed in contact with the source, 
and hit the piston slowly rise till the volume of the working sub¬ 
stance be V 8 and the pressure l\ corresponding to the point o on 
the diagram, the temperature remaining constant during the process. 
To maintain the temperature constant, a quantity of heat H passes 
from the source into the working substance; and since the piston, 
which exerts a pressure on the substance, has moved upward, a 
quantity of external work W> 2 , represented by the area BCcb, has 
been done by the substance. Since the temperature during the pro¬ 
cess lms remained constant, the path no is a part of an isothermal 
line. 

(iii) I ait the cylinder now be placed on the non-conducting stand, 
and let. the working substance expand. During this process the 
temperature of the substance gradually falls, and the process is dis¬ 
continued when the temperature has fallen to 8 X that of the refriger¬ 
ator, the volume then being V 4 and the pressure P 4 corresponding 
to the point t> on the diagram. In this stage a quantity W 8 of 
external work represented by the area CDdc has been done by the 
working substance; and since no heat has entered or left the sub¬ 
stance, the path (U> is part of an adiabatic line. 

(iv) Let the cylinder be placed in contact with the refrigerator, 
and let the piston be slowly forced down until the volume has 
diminished to its original volume V, and the pressure increased to 
itt* original value l\ corresponding to the point A on the diagram, 
ho that the working substance is now in the same condition as at 
first. To effect this compression external work has to bo done 
itfHin the substance, the amount W 4 of this work being represented 
by the area I)Atui The effect of the compression would be to 
heat the substance were it not that this heat, whose amount is^ h, 
eseitjaw to the refrigerator, and the temperature therefore remains 
constant at so that the line da on the diagram is part of an 
isothermal. 

283. WORK DONE DURING THE CYCLE.— During the 
cycle a quantity of work — W E + W a + W 8 — W 4 == W, repre- 
twmtarl by the area Alton, has been done by the engine; a quan¬ 
tity of heat II has been taken from the source and a quantity h 
hint bean given to the refrigerator. Since the substance is in 
exactly the same state at the end as at the beginning of the cycle 
no other quantity of energy can be concerned in the operation. 
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(ii; The cylinder being placed in contact with the refrigerator, 
the substance is allowed to expand along the isothermal ad, taking 
in a quantity of heat A, and maintaining its temperature constant 

at 

(iii) The cylinder being placed on the non-conducting stand, the 
substance is compressed without loss of heat, its temperature rising 
to and the path traced out being the adiabatic line DC. 

(iv) The substance while in contact with the source is then 
further compressed, during which process it gives out heat H to the 
source, and its temperature 0 2 remaining constant, the path traced 
out is the isothermal <’B. 

The working substance has now returned to its original condition; 
the path traced out has been reversed, and work has been done on 
the substance. The main difference between tho operations may be 
thus presented: 


Direct Operation. 

The working substance rev 
vmvm a quantity of heat H 
from the source, and gives out 
a smaller quantity A to the re¬ 
frigerator. The quantity of heat 
II *- A is converted into work 
\V done by the engine. 


Reversed Operation. 

Tho working substance re¬ 
ceives a quantity of hoat A from 
the refrigerator and gives out a 
larger quantity H to the source. 
The work W done on the engine 
is converted into a quantity of 
heat II —* h. 


In the reversed operation heat is transferred from a colder to a 
hotter Ik sly, hut to accomplish this an expenditure of work is neces¬ 
sary. 

285. Conditions of Revarsibility.—In order that an engine may 
lie reversible it must fulfil those conditions 

(i) No heat must be spent in overcoming friction, or lost by 
rod inti on or conduction, or changed into magnetic or electric energy. 

(ii) Tho changes of pressure and volume must take place very 
slowly, so that while heat is being taken in or given out the tempera¬ 
ture of the working substance at any moment may differ only infini¬ 
tesimally from that of the source or refrigerator with which it is in 

contact. 

In the cycle of ojmr&tions of Carnot's engine described above, the 

temperature of tho working substance was brought to that of the 
•touroo and refrigerator respectively before the substance was placed 
h contact with them. It is essential to tho theory of a perfect heat 
engine that the heat be taken in and given out at a constant tempera- 
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ture. In Stirling's engine it is the function of the regenerator to 
onsuro, as far as may he, that when the hot air reaches the source 
and refrigerator respectively it is already mined or lowered in tem¬ 
perature to the required extent. 

Expansion and contraction of gases, innponition and liquefaction 
tire instances of reversible processes, How I bene processes atlbrd 
examples of perfect heat engines is eomndeied m < ‘hap. XXVII, 
Many natural processes are not revenable, and such irreversible 
processes are not. examples of perfect heat engines, 

286. (’AKNOTS riUXVlLLH. IV efficiency of an engine him 
been already defined (Art, *!?!*) i\mmt h principle is that the test 
of maximum efficiency is reversibility, that M the efficiency of a rever 
flihle engine is the greatest that can be obtained wuh a given range 
of temperature' 1 , The truth of the principle t* demonstrated m 
follows: Let X be a reversible engine, mid tif j*m«ibie) let X be an 

engitie more efficient than X, then this means that the 


W 


Z is greater than the name ratio ^ 


or X, i 


\\ 


\\ s 


W 

f f 4 » 

ft 1 for 

n, 

»tind if H t 


be equal to 1L* then \\\ > W T 

Let then the engines lie coupled mverse!} ami work with the 
same source and refrigerator, then the engine X tent ores to the 
sottree the heat H, tnketi from it by the engine w hile external 
work of the amotmt \V } \Xm done This w m k then must be 
done by heat derived from the refrigerator, and if %% eMiary in all 
fX/mV»rr that itwk $hmUi he Mamed femilnmm%hi hy ahidutehnij k&it 
from the refritjemUit nf an empm, 1’he principle m therefore subject 
to the truth of the utiiteiiiiuit itiditVd Assuming flaw, it follows 
that for any assigned tem|auature litintu the eflieieney m n maximum 
when the engine is reversible, nod that all r*n er»dde engines work¬ 
ing between those limits have the minie eflinenry, 

287* Exprtstioti for Iflki«ft«tj Cuniot'a Function Whim 
work ts <!one hy n perfect engine a quantity of hmt \mmm Imtween 
two ttodiei at different teui|Mu at tires, If the tw«» Unite* are of the 
same tenqiemture no work m obtuinwl If work i« iibituned, the 
temperatures must be different, Xo eitcrmil t«»I % n* pic sent with 
which any interchange of energy run take place, and the working 
Muhstuncti Itmve-i off in the jniiwMititi of a§§ tmicli energy ns it stnrtoti 
with. 


Moreover the riittiirn of the mmnm nnd tefriterator do t ml enter 

into the argument, nor dmm the particular iiatiun of the iinembb 
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process employed—it is sufficient that it be reversible. The quan¬ 
tity of heat- transferred in the cycle can thus only depend on the 
thermal conditions (i.o. the temperatures) of the source and the re¬ 
frigerator. Let these be respectively 0 2 and d x ; then the efficiency 
may be written equal to A ($ 2 — 6^) where A is some function of 
the temperature. The quantity A is called Carnot’s function. We 
proceed to indicate what the value of A must be. 

Consider the cycle of an engine in which the working substance 
is a perfect gas. Then in the states corresponding to the points 
A, n, (\ i>, fig. 1 Wq respectively, we have-— 


I’.v, 

0 . 
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The work done during the change along the adiabatic ab is by 
Art. 209 . 

itr l firvtr tt i 
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Tho work done (hiring tho change along the adiabatic CD simi¬ 
larly is 
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These changes being of opposite sign and equal in quantity cancel 

each other. 

The work W, done hy the gas during the change along the iso¬ 
thermal from b to a is equal to the heat absorbed during the change. 
Hence by Art. 252- 


Wtj * H =5 P a V a log a 

«— P Q loc —A 

The work W 4 done on the gas during the change along the iso¬ 
thermal from I) to A similarly gives— 
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Now ^ in the ratio ln'tweon tin* work done hy tin* engine and 

t i 

the energy it alworhs from the iifinret\ which the tlefimtion of etlh 
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rocal of the almohite temjHnature of the mmrre, 
The total work chme hy the gw* 
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a88. Ak an example wi* taka a pound of air round a Carnots 
cycle, Imtween tht* temperature* 0 C. and iUU ( , 

Referring to fig. 1H«* 

Point A.-lM t\ 27» (0 C.): 1‘, '2117 11. per »•). ft , 

then V, ** 12-3W r. ft ' 11 ‘.Ml-1, 

The first ojwration is an mlinHatii- eompressioti along tin* lint* AH, 
then (Art. 2GK) 
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Also work done (Art. 269) = W, 


7 {P 1 V 1 - P 2 V 2 } 


= . - R. - d 2 ) 

7 l 

= X 96-1 x ( - 100) 

= — 23439 foot-pounds. 

Point B on the diagram has been reached where 

th = 373 : 1>„ = 6183-8; V 0 = 5*793. 

Tho second operation is an isothermal expansion along the line 
W.. Let it continue till, say, V„ = l - 5 V 2 

= 8-689. 

Now P.,V, « R (L 


8-689 I 


96-1 x 373 


P., = 4125. 


Also work done (Art. 252) — \V, 


\V 2 = R 6., x 2-3026 x log § 

W 2 = 35845-3 x 2-3026 x(--176091) 
= — 14534 foot-pounds. 


Point C on the diagram has boon reached where 


373 : P s = 4125; V,, = 8-689. 


The third operation is an adiabatic expansion along the line CD 
till the temperature falls to 0" O., then— 
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Also I 
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Also work done 
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= 23439 foot-pounds. 

Point 1) on the diagram has been reached where 

B % bb 273 : P 4 *» 1411*7; V 4 = 18*584. 
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The fourth operation is iw*thornml r««n|nr>inimi a u along tho 
lino da till 
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*k and no real engine can be made perfect. The efficiency of heat 
engimw must therefore bo low. As the conditions laid down in Art. 

mere closely fulfilled the nearer will an actual engine ap¬ 
proach the efficiency of a perfect engine. 


289* ABSOLUTE T K MB EU AT 11 RE.-—The absolute tempera¬ 
tures hitherto mentioned have been considered as obtained from the 
imlieat ions of a gaseous thermometer, the gas being a perfect gas. 
Ford Kchin took the expression for the efficiency of a heat engine 
as the hnnift of a scide of temperature. This scale is usually meant 
when the absolute wale of temperature is spoken of, because it is 
independent of the behaviour of any particular substance. 

In Art. 2 87 it was shown that if a working substance be taken 
round a reversible cycle, then 

II ft, 

h (K 


i#ord Kelvin therefore proposed to construct a scale of tempera¬ 
ture by making " the absolute values of two temperatures in the 
ratio of the heat taken in to the heat rejected in a perfect thermo¬ 
dynamic engine working with a source and refrigerator at the higher 
and lower of the temperatures respectively ”, so that “a unit of heat 
descending from a body A at. the temperature 6 on this scale, to 
11 iwslv B at temperature 0 — 1 would give out the same mechanical 
effect whatever he the value of 0 ” * If we then imagine an engine 
wlti»e efficiency in unity, i.e. one which converts all the heat it re- 
rencti into work, the 'refrigerator of such an engine must he at 
iilwnlitte The nearest practical realization of this scale is that 

tiliinuted front n reversible engine in which the working substance is 
nine of the more perfect gases, and from the experiments on those 
pttbiiititceii related in Ark 242, Lord Kelvin determined to what 
extent those gases differed from the ideal perfect gas, and how far 
It difference of constitution tended to produce divergence between 
itiP nlt»ititnfo scale of temperature and the scale of the gas thermo¬ 
meter, HU conclusion from the most accurate experiments on-air 
nod hydrogen was that if the temperatnro difference between 0° C. 
Hint iutr <\ he taken as 100 degrees on the absolute scale, then the 
afmolntc Eero of temprature i« almost exactly — 273 ° 0 . Tempera¬ 
ture readings mi the absolute scale are therefore very nearly identical 
with those on the hydrogen thermometer, although the principles on 

* f 4tW | gfit|ii*« Jfattomalfoal umi PhyuM Papm, vol 1, p. 104. 
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'Huh fuel in embodied in the second law of thermodynamics, which 
bun been limn Minted by Clausius: - 

i% It is impassible, for a selfadiny machine unassisted by any external 
atjtiu'p to convey heat from a colder to a warmer body” 

The second law of thermodynamics is an independent axiom 
separate from and not deduced from the first law of thermodynamics 
or from any principle of dynamics. It is based on experimental 
eudence only, and in its turn serves as the basis of the theory of 

bent engines. 

Tlie main evidence of its truth is that deductions made from the 


law agree with experience, The transformation of non-mechanical 
energy, i.e. heat, into mechanical energy is the summation of a large 
number of small quantities of energy and the application of this 
energy to the movement of a larger body. And the practicability of 
thin process in limited. We cannot take, say, a million molecules in 
rapid motion and cause them to use up the whole of their energy in 
communicating meehanieul motion to some larger body. If the mole¬ 
cules could be dealt with individually this might be done, and the 
second law of thermodynamics would not hold good, but experi¬ 
mentally wo can only deal with masses of molecules, and the law 


expresses ibis limitation of our powers. 

li must be remembered that this law applies only to engines 
working in reversible cycles and to reversible cyclic processes. It 
in jMMMuhle to transfer heat from a colder to a warmer body; but when 
it iii nut possible to repeat the changes of the working substance pre¬ 
cisely in tin' reverse order, and by that means restore it to its original 
nfnf«\ the priH’ess is an irreversible one, to which the second law of 
thcrifitHlyimmicH is not applicable. Thus water in evaporating from 
li vcfinel cools it below the temperature of surrounding objects, and 
wuik i ntiid he obtained from the vapour that is evolved; but this is 
to* violation of the law, Im'muho in the operation as far as described 


there m ii<» cycle of operations. 

Ho, too, compressed air hi escaping from a cylinder expands and 
does work, and the temperature of the cylinder falls. But the air 
not meiolv rook it has changed its volume also; and if it be caused 
in iti uni to th«' name volume anti condition, the whole cyclic process 
will hr found to be in accordance with the law. 

Him propounded the following operation as a difficulty in accept¬ 


ing the law, ico\ 

({li imagined two exactly similar cylinders A and B (tig. loo; 

itiiprvhuw to heat anti connected at the bottom by a small pipe. 


In oach cylinder workn an air tight tss«*t• > pt t-ci. and h\ means 
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itn amount, are measured by the amount of energy that enters or 
leaven during any operation, as expressed by the equation dE = dH 
~ ti\\\ In a perfect gas the intrinsic energy depends only on the 

temperature, 

291 . Refrigerating Machines.— In a class of machines used for 
purposes of refrigeration, heat is taken in at a lower temperature 
and given out at a higher temperature. 

Fig. t Hii shows an arrangement for cooling a chamber by this 
means, a and n represent, the two cylinders of the engine which, 
through pipes containing valves, are in communication with the 
chamber <#\ Other pipes containing valves connect the cylinders 



with ii cooler n, which consists of a chamber through which run a 
number of tubes, Child water is kept running through these tubes. 
When flic piston of A rises, air passes from the chamber into this 
**\ tinder* and when the piston falls this air is heated and compressed. 
In thm condition it passes into the cooler l). Leaving the cooler it 
tmmm into the cylinder it, where it does work in helping to raise the 
Lfon, tty this process it is cooled, and then by the descent of the 
pi 'if off' is driven into the chamber a In ordinary practice the tern- 
irrature of the air after compression is about 150°C., is reduced 
to nlMait Iff or 20 V. in the cooler, and to about — 40° C. by the 


exiinitdfur 

n% DISSIPATION of ENKUOY.—It has been shown that 
wiieii a omuititv of heat If ii token in at a higher temperature by 
a iirr/crl engine an amount of work W ii done and a quantity of heat 
A i*» tfiviui tint at it lower temperature. The heat taken in can never 
fl lJ he converted into, work by any engine. The heat A which is thus 

„r degraded; it has ceased to be available for 
working j»nrji«ww«, or is at any rate leas available. The availability 
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of heat depends on its temperature, ami since ImkIioh at a higher tem¬ 
perature are always tending to fall to a lower temperature, ami since 
every form of energy can bo transformed into heat, and such trans¬ 
formations are always going on, it follows that there is a tendency 
for all forms of energy to take the form of diffused heat of low 
temperature. 

293 . ENTROPY. The conception of entropy which wm touched 
on in Art. 271 is much used in working certain problems connected 

with the steam engine. When heat enters ^or leaves a body at a 
definite fixed temperature, there is a change in its entropy, the rela¬ 
tion being 

/4 , . Quantity of heat passing 

/ Hinge o on top} .. temperature of the body* 


Thus, suppose we have mat mass of water at UK) and we con¬ 
vert it into steam at KHT (%, then its entropy, taking Reguault/a 


value for L, 


has increased 1 


»y 


fi 311*5 
:i7:i 


1*4383 trait, It has bean 


proposed to call this trait a rank fafter Rankine). Entropy is 
usually denoted by the symbol </*» and the idmve equation of defini¬ 
tion may be written 

V MM 

t H 

« ( y 


The entropy of a substance depmls on its thermal state, and is 
always the same when the substance is in the same state. The 
actual amount of the entropy of 11 substance entrant be stated, but 
only the excess or defect front the amount which it possesses when 
in a standard state. For water the state is that which exist* at 
(T 0 . and 760 mm. pressure. Thai is taken m the stem of entropy. 

In this section all this temjteratures tire measured from absolute 
zero 27.Y* (!.). BupjtoHe we have unit moss of water tit 273 A., 
and it is heated to 274“ A. There has la*ett added to it one trait of 
heat, and this has heart done at temperature* the mean of which is 
273*5*' A. Dividing the unit of heat by 273 5, the quotient is *00365. 
Approximately *00365 unit of entropy has Itetm added to the water, 
and if we suppose that at 273 A. the water jsmsimsed no entropy 
(which is a convenient practical convention), then the entropy of 
unit mass of water at 274“ A. is *00365 unit. It will \m olmemtd 
that this result in not quite Accurate, for the himt was added trad 
the temperature won raised gradually, the process really consisting 
of an infinite number of very smalt steps. 



THEORY OF HEAT ENGINES 


383 


Lot a very small quantity of heat dH be added at temperature 6, 
and let the rise of temperature be d0, then if d<f> is the increase of 
entropy 

# = -j. 

If we take the specific heat of water as unity, then dtL is numerically 
equal to d6, and m 


Integrating this equation we have 

</^ + c = log, 0 

where c is a constant depending on the origin. 

Starting from 273' A. and dealing only with excesses of term 
perature above this, and writing 4>e for the value of the entropy 
at any temperature 0, 

<i>e = [ B ll 'j! — log, 6 - log, 273 
J i>7tt 0 

= 2*3026 (log 10 0 — log l0 273). 

/ 274 ,7fi 

a = log. 274 - log, 273 

i’TJI “ 

2-3026 (log H) 274 - log )0 273) 

= 2-3026 (2-43775 - 2-43616) 

= -00366. 

At 373" A. </> = 2-3026 (log 373 - log 273) 

= 2-3026(2-57171 - 2-43616) 

= -3121. 

Proceeding in thin way wo obtain the table of values of <j> for 
water at various temperatures set out below:— 


Temperature, 

Latent Heat 

Entropy. 

of Steam. 

Water <f>. 

Steam tj> 

o " a 

600 f > 

0 

2*221 

20 M 

502*0 

*0707 

2*008 

40 M 

587*0 

*1800 

2*014 

80" 

584*7 

•1984 

1*894 

C* 

550*0 

*2507 

1-816 

100 w 

530*5 

*8121 

1*75 

1 

Jh «v 

522*8 

•3645 

1*003 

140 ® 

508*0 

•4166 

1-646 

1 « 0 B 

408*5 

*401 

1*002 

I ftrtW 

It Dw 

470 

*500 

1*500 

200* 

[gj!®gge-.1WIB-- ■>,■■■ !ia * ’■-* 

464-3 

*549 

1*581 
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line <*» m to the *'..tr.*pv h.m **< * „ 4 „ 

mIiiI ii U \mtmm ** and t 1 mm* I 

verted Into wittii 1 * end further 

itsw **f 

mm* ^ ^ 

* < . f lt , r4 - v 4 i« Ivn « mfh^ ‘ *! 

u "* ht ‘ v ’ u ’ u rV: 

when the nuhrtanrn U *««*«*<•„in! ’•* ,u n iV ' 1 

un h S Whrtt t« water a.*4 

S, nnmwtull hv the hm It!'J th*. 

J t i ,i 0 # |%|i J4^| tm4 ii 

10 that l*H ^ fti 1,11 m m 
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:a 


immni* front the rumlition marked by the point o to that indicated 
by thu intuit ^ m irprwunitrii hy the product of x m 

Jtyq* ftpcifla Hitt of Saturated Steam. —Buppoae we have unit 
iiiiifia iif tvitfrt nf 99 (37ti absolute). 

yil t jU tin fnii|irmitiri' !»r raked from 99" (5. to 101° C. without 
pviijmriiliiifi Tlso hmt fibaorbed ^ 2 units. 

(*») Li f thr* water hr evaporated at 1QL C. The heat absorbed 
in itiP Intrtif limit iif ICll V n which from Rognaulfc’s formula (Art. 
ill I ^ fit til ft — ( iHifi x iOl) - 536'305 units* 

(t I Let tlir temjwmfure of the steam be lowered to 99° C, with- 
niit itmlpumiitm, thru the heat given out » 2S units where S is 
































(d) hat tha ntratn he roiidrfMrd infu w.ii 
heat given out = iiiifrfi.- f‘h!d» * 

limit taken in 

H t» I :%m rw:* - \r 

• r !S f tit 

And tha work done i* *»hoivtt hy ih«* f M 
difference between the «‘tthoj»\ **| »;it« 
mmn temperature} mulli|«li<*»i b\ f h*’ 
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396. Entropy of a Perfect Gas.-In Art. 239 the equation 
}n*t w I'm hrnt ami wm k when a small quantity of heat was com- 
luuun.ili'il t" a j,'.- 1 '*. "as found to he ■ 
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*2. If n ongmo, whono oltidonry m |» givt'H out boat tit 4ft i\. what w 

fchu tomjtomturo of tho nnum' { 

W 0 t th 

II ^ 

i ih *u a 

ii ft. 

0 4 m, v*\l 

fb ;uv,t iiratly, 

Tho tomjwmturo in 7ft** t«\ lu nrly. 

II, Tho rtwliuioo to thr motion »*f a trout i« * ‘jmd to th«* w»oght *4 |[» rwt. 
If *20 lb, of ooul aro oommnod h*r ovrry mdo run V% tho ttum, noil it 11*«» brat 
jiroduoocl by tho oombtiMtion of 1 lb, of »<*ml hr 04|«d»b’ of *mg If* lb, of 
watts r at 100” <«. into utoam at If Hi' 4 \; romjmr*’ flu* rfth-u u*y *4 thr ni«mo with 
that of a rovorniblo rugim% a of king 1*4 worn U»n t* mid ill t\ 

SupjHwo tho train to run 1 mdo, thru 
(i) Work tfouo by pngum 

(15 :% 11»| * t?dU '9- Ii foot 


(h) Ktirruy Mi|»i*hod to rtigtito 


Klthimoy 


* lf» * *Viil tlfiit.rt »»f lu'rt! 

*2ci m if# * f*;in it imm tm& |*o!!ioU, 

Ih * I VI x 17*1 w l-i t I * 11 « If 

ti» m f«2fl 'ti lift! * 'gu ft i * 1.1 *1 »i I» 
II1I7 I tor rr-nt, 


Tho oflirionoy of tho rovrrmblo nigmi* 

lift*/ 

Tho minimi ratio i» thorrfino 

1 nt*\ 


rf* 

i# a 


in* 

I2ii 


* 


|H4*t 

lil 


|»* » t rill, 


QUESTIONS ANU KXKM’lHKH 

1. Wtmfe in mount by tlio iltuMfmfitut nf morgy, a to I h*m m tho d*<trtm ? «f dl# 
wfmtitm of onorgy oowtormt with t|»o #*« m*vJ Ua *4 ib#-rm«^lyniMiiim? 

*2. What do you umioralAftd by # mror»tl*l*> h«*jtf «ftj|tftr, »tnl w|?#i %n smmnl hy 
%\w otflru?w«*y t*f it ttt»i4iittp? I low would y«ii *dio« * Imt tho rflf» sniry of nil 

tho aatno f 

Ik What in tho thitiiroltiml otfitdom’y of a sfmttt nttgitto w!»•««> S**ilrr m at locr Cf, 

and »t 4CT C!, f 

4. If ntutfit wor« «iitiitti»l a oylttnl«*r ml a )<r*m»ttro #4 1 U St» a»*l * t»t»i|«?m- 

tum *MT F»» ami w«r» to # «f I<itr what u* tho 

nr«mt«t amount tif wtirk whirls l«» >ln«i» if thr. mugnm «pr« \wtim% ? 

6, An air tuigiiw takoa in li«»l mi »<r K, and #rii h*r#t td.r |* Fim! 
thiMirotimtly tho wnttttiil of wt*fh tSio otignip mmht do if 1 rfimm I'Mtstlitnifii 

wpfti i*f Mttg roaltiml, Htut^ tl«u«# mwthimm* •ml draw tit# 

tndlimtor (i*«^t4itt wf tin? ragtcwii 
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6. Find the approximate value of the specific heat of saturated steam at 200° 0. 

if the rate of increase of the total heat be taken as *3 per degree Centigrade. 

7. I ind the efficiency of an air engine using 1 lb. of coal per horse-power hour, 

and compare it with that of a perfect reversible engine, assuming that the 
heater is at 1000° C. and the refrigerator at 0° C., and that the thermal value 
of the coal is 8000 calories per grm. 


HT T A T>nPT7 , T> W"\7TT 
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SOME APPLICATIONS OF CARNOT’S PRINCIPLE 

298. INFLUENCE OF PRESSURE UPON TEMPERATURE 
OF FUSION. 

Professor James Thomson first pointed out that it followed from 
the above principles that the melting-points of all substances that 
expand on solidification are lowered by an increase and raised by 
a decrease of pressure ; while for sub¬ 
stances that expand on liquefaction ^ 
the opposite is the case. His argu¬ 
ment was of the following nature. 

During such changes of state the 
substances are working as perfect en¬ 
gines. Suppose unit mass of a solid 
at its temperature of liquefaction (0 2 ) 
and under pressure P to be contained 
within the working cylinder of Car¬ 
not's perfect engine, and suppose the 0 
solid to be one that expands on solidi¬ 
fication. Let the temperature of the *ks- 191 

source be ft, and that of the refrigerator 

() u the difference ft, — 0, being very small. Then the cycle of 
operations may bo thus conducted:— 

(i) The solid substance is placed in contact with the source at 0 2 , 
and heat is taken in until the whole is melted. The quantity of 
heat absorbed is L units. During the change the volume diminishes 
while the temperature remains constant, and the isothermal line 
traced out on the diagram is OB (fig. 191). Let the change of 
volume indicated by ch be u. 

(ii) The cylinder is then placed on the non-conducting stand, and 

- “ ' T - - A 1 - ~lf IjQ&t 
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until the temperature has fallen to The adiabatic* line BA lias 
been traced out on the diagram. 

(in) I^et the cylinder ho then plaeed In contact with the 1 refri¬ 
gerator at the temperature The temperature remains constant, 
the liquid solidifies, and the volume increases. The line traced out 
in the diagram is the isothermal a j >. 

(iv) Lastly, let the cylinder he placet! on the mm conducting 
stand and the substance brought hack to its original condition with 
out loss or gain of heat. Tin* line traced out on tin 1 diagram is the 
adiabatic. nc\ 

Since the substance is wanner in the first stage than in the 
third, its pressure is greater during that stage, ami work is there 
fore on the whole done upon it. If the Huhstaurc rout met on 
solidification, the contrary is the ease. The quantify of this work 
is represented by the area Atirn iu* x UK n x </l\ and the 
heat token from tin* source is L 

But External work fL - U % 

Heat token from source (K 

„ li X c/1’ lb II, 

'• h ’/A. * 

Writing =— ■ dtt\ 1 # x di$ ™ #i x dV % d, 

t .. ii , dp 

Ilf ft fj ih, I'., ,A . < 


Whore L is the latent heat of fusion of unit tnnm in dynamical 
units, u is the difference in volume of unit ina« in the solid and 
liquid states, 0^ is the absolute temperature of the witting dV is the 
change of pressure measured in absolute iiiiit*, eoneHj*omliitg to the 
change of temperature dti. 

dV . , . ill* 

If a is punitive then ' is punitive ; if n is negative then , in 


* 99 - EXAMPLES, 

(i) Wattr. For 1 gna, of at if it* 

h '4 ymt* n 42 * W mtgn 
m ^ C,»?!*». 

awl #4 . - 373, 

The mnmmtum fwlwettfi a ctuutitff of |»rMAiin» til* »ti4 «l# ttt» r«»fr«‘*|«nii:ljttg 

agti of tcmjwmuire m tln» 

7 f s *iS x 4*4 x W n # 1 # - ifftft # a?:i * *#p 
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If the change of pressure bo one atmosphere 

dV ~ 1033 x 981 dynes per sq. cm. 
=■ 1*014 x 10 6 dynes „ 
Whence d0 ~ *0074. 


The difference between tho temperature of water when freezing in vacuo and 
when freezing under atmospheric pressure is *0074° 0. 

(ii) (kh'ulate the effect of an atmosphere of pressure on the melting-point of 
a substance which contracts on solidifying by one-sixth of its volume in the liquid 
state, whose latent heat is 40 units, whose, ordinary freezing-point is 27° O., and 
whose Mpeifie gravity when liquid at this temperature is 1*2. 


Take l grm. of the liquid ; then its volume 


1 

1*2 


•833 e.cm. The reduc¬ 


tion of volume on solidification is ^ of *833 *139 e.cm. = u. 

The change of pressure dV ™ TO 14 x 10® dynes per sq. cm. 


Hence since L x d$ 

,\ 40 X 4 HI x 1Q« X dt) 

< 1 $ 


x u x dl* 


(27 

1 

40 

1 

40 


3 + 27) X T39 X 1*014 x 10 6 

| 300 x -139 x 
\ 41-(! 1 



1-014 \ 
4T6 I 


-02/53° 0. 


In such examples as the alsive, when we are dealing with substances other 
than water, the density is involved. This is owing to tho fact that unit mass is 
deal! with, and it is necessary to know the change of volume undergone by that 
umt mum, If the heat rendered latent be known in the form of so many units of 
heat pr unit volume, the necessity for knowing tho density is obviated. 

(in) SupjKme a huI stance whose latent heat is 60 calories per unit volume 
mtdtn at H7‘ <\ in mrm, and contracts one-tenth of its hulk in so doing; at what 
tempmture will it melt under a pressure of 100 atmospheres? 

Tak*’ one umt volume. Then for the energy absorbed when it melts we have 

11 60 x 4’20 X 10* = 2100 X 10® ergs. 


And the work done against the external pressure 


hut 


W 

II 


m \ if# 


A X TGI4 X 10* X 100 
>t - 91 w d$ 


10-14 

2100 
hot a 


of 100 atmospheres = — W 
= 10*14 X 10® ergs; 


Tito melting pint is therefore 12 f >*07 O. 

3 so. EFFECT OF PRESSURE ON TEMPERATURE OF 
VAPORIZATION. Similar reasoning to that employed above 
applies to the change from the liquid to the gaseous states, and for 
this change also we may write 


It X Vrt X 


25 ' 
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An intumitinK i*>fi *»f thm m l« ahum tli** « 0 <i *\ r#m 

Thu <>f itrrmmv ill 1 t«» -* ir«'- m # M I < ’ in f* luj^rntiir 

from MW C. to HHhV (\ »» givm m li* ’* i*»M* •» w* * -l 4 «* s »f »n< r> my, 


. </l* 

m # * . 

if it 

v <;? 1 

‘{ti-*? % 

* Isis* 

AI f «» I* 

# ® 3 !|M. | ft. » 

Mo;? 

X!M*0 

R 11 ^ 

»s pl® 

* 


H 1 i f*' 

li 

• « ** 

.11 .1 * 

lopl 

■0»/» ‘ 


Tht^ above rsfUiiltoit aim* f«»t mbhioWn*u, 1 is* hit-mt lit^n 

of miblimation k tin* tjuiiiuu v *4 hr.d nW»rln 4 m Jho %^>nmthv 

of unit uutHH of the t»«iliil. 1 Iuh 'point o \ «*4ii l*o * sil« nhit«<I fiiitu tli 

rluutgn of vhimiUi* |n*»*iiro ^ ifli foiiijiriat^iio, p >\ tin i^liimr 

(volume** of unit nmm) t»( the »ul»»t«ui«e i-op 0111 wni 4i*I nt m\ 
given temperature. 


301. rUITU’-AL TKMHJa 11 III* lb 

latent htmt in written 


i‘i « '.'ll* ! i» luf tfl 


K fih '*■ 


Ah the Um»|wmtuto iu*e* tli*’ f*»* i*o 


r# 41’ 


Jt* 


Mi* 1 C4 l» i, Vi llllll ill 


factor li (iimiiti*ho«. When the L»«nu u» -' o*p » *4! to mn 

vaporiaition takw §ikeo wifli«#*u * h^ng* **t *m 4 L Wumi 

aluo jsoro. Tin* value «f when iIn * **-» * nr® i» the < ? in u i/wi|wi 
lar#, this oxhfetiee «*f whirl* H i!pi» »!**♦» n In llir.*#i * 

The Triple Point At tturn leinjw! 4 ? UJr s hr i-.Mini imhI I|»|||i 

fttfitiw lire in flirt mij»«ui jn? nun »*? the *. b I nun 

lie e«|tiitl in that tif the lii|iinl For if *♦:»*• |-<- •i*vor «»ir greatr 
thnn the other, mi ettfptip rmiM uitlw th*a fhtt«iejs*’e r*f |*i«*.%nri 




li 


30 a. AI>IAItATti* C*t *\ The «hwtgr *4 unt 

pemturo thut l#ilc«w jitarp in « »nl«sf«nr«i itlnm it ia is ih.iti«’«Sl 
compronmiti nmy aim* tintnrtftiiml hy tl?m 11111 

volume til thn milwtaurp in iti« nuiflitiwii m to |*ir^?nui*n4 vuliitn 

nsprenmitoti hy tlui fMiiui a lilg l»l | 

(i) Lot the iiiliitjiiip-p It!'* iiilinl.iiiiiriillr r*#iii|ni«^4 mnl ptm 
euro will viiIiiiiiii l« tlni j^nni n ihitisu^ ?h5a 


KOMli APPLICATIONS OF CARNOT’S PRINCIPLE * 

■.rs* rrf - 

in dynamical uniLn ami m V constant pressure measured 
*’ 1 u 1 1 «nd dt) the change of temperature, 

then II = Q d6. 

s-** ~ *■* 

(n) Ilm substance contracts at constant pressure, tracing out 
>1"’ I*»t« »A and returning to its original state. g 

I lie work dt mo area Alien ^ jio x he 

.... , v y # x l/ 0 (>’u ~ I'i)- 

he heat taken in Q x d0\ and writing dP for — Pj 

Krtieieney W =- V x '*>’ X dO _ y x <!p 

H qxdo ~ q ■ 

lint the ellieieney is also cMjual to 1 ® 

(L 

tdt 

• do ( h x y x ^ 

d\> 


or q « 0., X y X 


dlf 


Hut q tlm thermal capacity of unit volume at constant pressure 
*" Ui die sperilie heat, at constant pressure K„ multiplied by 
the absolute density i> of the HttliKtanco, 

do i f 4 x y x di\ 

Kp X p 

Tlitw wn nmy find thn riiwt in teni|K*rotimi produced in water at 17 ° 
t*y *t» »*I»SiIi*»i$ftl Ytvmutv of om* million dym* pr equal** centimetre— 

y III*. «<«>ffirinii of tnpmmim of water at 17” Cl - *00018, K p = 42 x 10 ft , and 
e t, 

y , -00018 X (l X 10*) X m 

* « x To*. 

•oo tar. 

m< srHKACK TENSION. -Lord Kelvin showed that since 
tin? uttrfiMT itmmmi of n liquid film diminishes as the temperature 
niri^lrhirig inch a film must cool it; i.e. if L be the 
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number of units of heat nbmnlml |*er uni! arm*, !*» hup ili^ tem 
poraturct constant when the film i* dfiiwtt »mi, tlirii 1, emu be a 

positive quantity. 

Take a film whose initial area p <f mtl.n » E ? emm /, and iemprra- 
turn (K it* condition benu: »*epre*i uu d bv ih* r pmnt \ t»n the diagram 
(fig. 192). 

(i) Het tlit* hint be extended isHtheioi.uii utifil if*i uira in jt t ns 
state being thus represented by the pmn! i »m ? iu< u; imam Him 

the heat absorbed from the toiirre in l,f f< 

l the film cotitrart adiabat Wiilh ns id i! i . i is jitiiJ ifii 

1 m* in,; ihio pro 
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A11 ft A 
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the film u re|ire«enf#*il by the Ate* ai» i* -i/ ift 
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ihct himt ftbm*H*ed is Lift — »tt 
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J if ft ■ ■’ ll I u 
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Hut experiment. shows tlmt (7/arnl d8 are of opposite signs, so that 

> H nl'vays negative, therefore L is a positive quantity, i.e. heat is 
absorbed when a film is drawn out. 

304. hTLL RADIATION IN AN ENCLOSURE.—One of 
fin* deductions made by Olerk-Maxwoll from his electromagnetic 
theory of light wan that light (exerts a pressure in the direction 
uf its lint* u! propagation. With the light falling normally on a 
surface In* ealeulated the pressure per square centimetre (P) to be 
numerically equal to the amount of energy contained in 1 c.cm. of 
t hi' medium in the region of the point. This quantity (E) is termed 
the energy density of the* medium. 

It may he shown that inside, a hollow sphere which constitutes 
a fully uidinliug enclosure, the pressure P on unit area at its centre, 
and the energy density K within the sphere, are connected by the 
equal n>n 


Imagine such a sphere at a temperature 0, and regard the interior 
radiation as t lie working substance of a perfect heat engine, changes 
of volume taking plan' under 
and against die pressure' of the 
radt.itson, and no other forees 
entering into the arrangement. 

Then tin* cycle of operations | A B 


s *4 as follows; yj 

4*1 The temperature being ft 5 
the pieaniire \\ and the volume S? 
Y t the sphere win me inner sur- * 
fare k fully radiating is allowed 
to inti ease in volume mother- 



C 


iiiiilH h\ mi amount tl\ under q volume. ^ 

the pinaoile \\ the Work done Fig. 198 

bring I* x «A\ Also energy 

insist )*e given out by the source to fill the space mV, and this 
nil,., tint in’ K x r/V. ' Thus Urn total enorgy given out by the 


tiiiiiree 


(K 4 * ppIV “3 (/II 


Till- line All in tiran'il nut on the diagram (fig. 193). 

(u) 1 luring tin' Hi’i'uml operation the inside surfaco of the sphere 
itt Mull) reflecting ami mm conducting, and tho volume is allowed to 
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number of units of heat absorbed per unit area to keep the tem¬ 
perature constant when the film is drawn out, then L must be a 
positive quantity. 

Take a film whose initial area is (U surface tension /, and tempera¬ 
ture 6, its condition being represented by the point a on the diagram 
(fig. 192). 

(i) Let the film bo extended isothermally until its area is />, its 
state being thus represented by the point n on the diagram. Then 
the heat absorbed from the source is L(/> — a). 

(ii) Lot the film contract adiabatioaliy until its area is c and its 
state represented on the diagram by the point Luring this pro¬ 
cess the film does work, and its 
temperature alters by an amount 
d(K Suppose the surface tension 
to increase by an amount dj. 

| (iii) Let the film contract 

| isothermally until its state cor- 

£ D_C responds to the point n on the 

uj V \ diagram, which is on the adia- 

£ \__ \ ha tie passing through A. 

| A ® (iv) Let the film be extended 

adiabatirally until its condition 
is represented by the point A on 
7^7 the diagram, and the cycle is 

Fig. m com pie ten 1. 

Then the net work done by 
the film is represented by the area Alim — df {h — a). 

If dd is negative the lino AB refers to the higher temperature, and 
the heat absorbed is L(/> — a). 

. df(b - a) - dd 

* e wsmjwtj 

h (h — a) 6 


If dd is positive the line <u> refers to the higher 
the heat absorbed is — L(6 — «). 


mture. arid 


So that in either case 


df(h — a) 
Jlf-i 
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But experiment shows that (2/and dd arc of opposite signs, so that 
^ is always negative, theroforo L is a positive quantity, i.e. heat is 
absorbed when a film is drawn out. 


304 . FULL RADIATION IN AN ENCLOSURE.—One of 
the deductions made by Clerk-Maxwell from his electromagnetic 
theory of light was that light exerts a pressure in the direction 
of its line of propagation. With the light falling normally on a 
surface he calculated the pressure per square centimetre (?) to he 
numerically equal to the amount of energy contained in 1 c.cm. of 
the medium in the region of the point. This quantity (E) is termed 
the energy density of the medium. 

It may be shown that inside a hollow sphere which constitutes 
a fully radiating enclosure, the pressure ? on unit area at its centre, 
and the energy density E within the sphere, are connected by the 
equation 

K = :n\ 


ul 

at 

D 

tn 

ul 

cc 

CL. 


Imagine such a sphere at a temperature <9, and regard the interior 
radiation as the working substance of a perfect heat engine, changes 
of volume taking place under 
and against the pressure of the 
radiation, and no other forces 
entering into the arrangement. 

Then the eyelo of operations 
is as follows; 

(i) The temperature being 0, 
the pressure ?, and the volume 
V t the sphere whose inner sur¬ 
face in fully radiating is allowed 
to inereiwe in volume isothor- 
matly by an amount dV under 
the pressure l\ the work done 

I H i I 

0 




O VOLUME v 

Fig. m 

being V x (IV. A 1st) energy 
must be given out by the source to fill the space dV, and this 

amount is E X dV. Thun the total energy given out by the 

non reel is 

(B *4" V)dV « dll 


The line All is traced out on the diagram (fig. 193). 

(ii) During the second operation the inside surface of tho sphere 
is totally reflecting anti non-conducting, and tho volume is allowed to 
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increase adiabatically under the pressure of the radiation. During 
this operation the pressure gradually falls to P — dl\ the energy 
density to E — rfE, and the temperature to 0 — dO. The energy 
density diminishes during the operation, owing both to the increase 
in volume and to the work done by the pressure in forcing out the 
boundary. 

The line bo is traced out on the diagram. 

(iii) The inner surface of the sphere is now made fully radiating 
as in the first operation. The temperature remaining at 0 — the 
volume decreases isothermally under the pressure V — dV until the 
point B is reached on the diagram, this point being on the adiabatic 
passing through a. 

(iv) The surface being again made fully reflecting, the volume is 
diminished adiabatically to V, the temperature and pressure rising 
to their original values. 

The line da is traced out on the diagram and the Carnot cycle is 
completed. 

The work done is shown by the diagram to be dV x dV. 

The energy taken in from the source was (K + l*)dV* 

Therefore 

dV x dV _ dO 

(E + V)dV 1 


E dV 

or writing ^ for P and \ * for dV 

. r 1 $ 

WVMI J1 

K 6 

and integrating 

log E + a eonntant ^ 4 log 0 ** log 0* 


i.e, the energy density within the tmoloimro is promotional to the 

fourth power of the temperature the Itoltzmann-Ktcfiin law (Art. 

>1 #% * 


QUESTIONS AND EXEHOISKS 

1. Ice melts at 82 3T. and wax at 140“ F. A mass of um at «U M and a tmtwt of 

wax at 130“ arc separately oomprosimd by suitable mmm. Could either of 
them by a sufficient increase of the pressure bo melted f Give reasons for 
your answer. 

2. State the second law of thermodynamics, and apply it to the doturmi nation of 

the effect of pressure on the melting-point of a solid. 
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3. Calculate the rise in tempcsraturo of boiling water if the pressure increase from 

uu atmosphere to 1*1 atmosphere. 

4. From the <Iata given calculate tin* change in the melting-point due to the 

change of pressure placed in the last column of the following table:— 





Volume at 




Bulwtance. 

Melting 

Volume at 

Melting-point. 

Density 

Latent 

Change of 

point. 

O' C. 



of Holid. 

11 cat. 

Pressure. 



Holid 

Liquid 




Phosphorus,. 

11 <!. 

1 

1-017 

1-002 

1 *83 

0*2 

10 atmos. 

Sulphur 

Wax .. 

U.V 

1 

1*000 

1-100 

2*0 

9*4 

20 „ 

t \r 

1 

1*101 

1*100 

*90 

97 

so „ 


* -»»■ 


. ■mrnmw>t)tT‘imr!5fe& 


L™». .... 


•- n . 



MIStJKMiANKOUS KX AMl’I.KS AND 

KXKltCIKKK 


1. Specific Heat* Tho un iImmI ifpitritfril hi Art # 1 i*» 5*»*Hifiltu»t>n 
f<»r il«’trrmsiiinn lii^h trmjN mitiin, 

A hull of' pintiiitsiit, wluw r« ;fi«i ififtii, r«l ii*»m *4 fur 

iimtimu’il it* lf*0 i»rm, **f vMitt-r at e (\ If «* »upj »»;;*- jls.i *% ( jt» r u 
tlir* lioftt which lit*’ phttititim I» »iiil if lli* f* fi?|irraltir* 1 of th* wuU-- 

HD'* tlctcriiltfi*' fh»" ft’fii|irritllirr t4 flic fillHtirr, 

Th»« HfH’i’ifii' l*« i*i *4 pintiifisiii i*n il ifift 

1#»4 y* (*, l»r ilfr* heat of thr f III tliirr ; I }*» Si 

(1) 11i*i4f out hy til* 1 bill It* i”sMiIifi!| f f«* HU’, 

2UU * ir Hu* * i 


(2) Ili'iit jibmalH il hy tfj«* iintrr !*»e *: 'if*, 

/, tl;; x 1 1 :um imh» 

/„ tl \1 r |fl H#i 

r #M» ** 4 \ 

2, Kiwi flic VliU' fit ttfitrft ***«’ 1*11 ii |*nf4*l will j«* ill tin? h 

air in conturf w ith tfa tip$*or %*srfn» * is timmifttii* *1 a* * t * 

In ortbr that ff*?ri*iiiu may Uk*- §»U* >• tSi«* Sat* i»i h* a! <<f tint 

comhtctwl uway tlumini* list* in*. t#* t tin* 0u« k !**<■» of i\w » nt « 

U* /* tlinfl Inf* III*’ WillJt |r<fl*«| t'i Umrn ill, <!i*f»f» T4 ' ttliiili ft 
ill (rmm% tlfn li«ml nfiiitlwl t»y iiiiiI urm m 

It til h I x 'Pi i* * Xil i II 11tl #|| 

/a *:hi til I « S x f m 1 * tl# 

, lr 1 41 

* * iiiiiti iff 


Thun given k iimx r !*J, mni I f. 

ill * P4 

11# 13'lit! », !* 


'mMMfi , 


:#c written 
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MISCELLANEOUS EXAMPLES AND EXERCISES 


the integration of which given 


At 


* t 


7;m 

or A a 


2 


( 2 ) 


At 

36*68’ 


The form of thr equation shows that the curve giving the progress of the 
tlm-Une** with time in a parabola. But tho actual conditions are not those of 
the steady flow of heat contemplated in Art. 140, and the result is only approxi¬ 
mate. 

With the* proviso, taking A* and r with tho name values as above, then 

vm r~ . . t 


ami by giving / tin* miurmdve values 1, 2, 3 cm., wo obtain for t values about 23, 
16\ ami 2b7 mist, no the times of formation of those thicknesses. 

.1. What average ex eons its temperature in a chimney 136 ft. high would pro¬ 
duce a pull mea.nored by l in, on the water gauge? 

Hop}Hme the hot gas in the ehimney to bo at r° 0. and tho air outside at 0° 0. 
If tie- irefsonal urea of the ehimney he taken as 1 sq. ft., then the weight of the 
» t .unterbahmnng column of air outside i» 136 x ‘0807 = 10*97 lb., and this is 
equal to the weight of Kill i\ ft. of air at r‘ 0. 4* tho weight of ■fV c. ft* of 
water, whit h in fc’i lb. 

(HHI7 f.-2> C ~ 10-97 

r = 240° O. 

I, If a plate of iron 1 ft. square and 1 in. thick transmit 7*5 British thermal 
umt i ({Httmd degrees Kahr.) pr minute when tho difference between the tem- 
1 ** taint* n *4 »?» opjwmde faces in 1" F,, find tho conductivity on the Centigrade 
tiynleiis in t\U,H, units, (1 lb, 453*6 grm.; 1 in. -= 2*54 cm.) 

H 7 5 x | x 45311 units; r* r 2 = l = 2*54 

a (ia x :r54f J ; 

whence A* - *155. 

5 If we take r in the equation of an ideal gas, pv = RT, to be the volume of 
m gtnnmtw of ii gw of which the molecular weight is m, show that R is the same 
far all ganr**, will tint! tin value in (Ui.H. units, given that the density of hydrogen 
»t ti I* and a pn-wiir** of 1 megadyne pr sq. cm. is *0896 grm. per litre. 

ft, V i vhinlttcal nohd rod m heated from 0" C. to 100" O. If the linear expan- 
muis „f 1 1i,i tisl m P x 16 *, what is the preen tugs increase of the surface of the 

trod ? 

t, A «!«•» flunk 1 litre in cajwity m cloned by a cork through which passes 
« »'Aptli«r> lull*-. The tliwik contains twmm mercury, and is filled up with water, 
wlinh iH i upir^ iiliw |«rt of the tulm, the temprature being 0" 0. ^ What must be 
tliri »»f tin? mercury in order that, when the temperature rises, the motion 

«»f (lit) liquid in the capillary iut»e may indicate tho change of^ volume of the 
wfttrf * t *nrtfinri*i nf Mjmiiwat of mercury *00018, and of glass (linear) *000009. 

h, A piece III nulphur weighs 50 grm, in air, and has a volume of 25 c.cm. 
wild! til® Irtupraittru m 17“ O. awl pmmmm 74 cm. What is its true weight, the 
detenty of *ir Untig tlOFitf (giro. pr cuim.) at 0' 1 and 76 cm., the coefficient of 
*»f air l»ei»iic sli* ®4itt the density of the brass weights 8. 

U 2 ? 3 i 
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MISCELLANEOUS EXAMPLES AND 

EXERCISES 


1. Specific Heat. The method indicated in Art. 77 in nometmtea employtm 
for determining high tempemtium 

A hull of platinum, whone ummn in 1?<IU gnu., m renamed from » furnace, and 
tmmerHcd in lf>() grin. of water at 0 C!. If vve »»■ thv war or to gain all 

the heat which the platinum Iowa, and if the tempera! urr of the \%ntrr i iwh to 
il()'7 determine the temperature of fhe furnace, 

The Kpeeifie heat of platinum hi O’Oilb 
Let a; 1 ' (!, he the heat of tin* f unmet*; then 

(1) Heat given out by the hall in rooting f»*»m .r to Mtr, 

200 t„r :iil| *. mi I, 

(2) Heat idmm’lMnl by tlie water lf»0 K 20; 

(5*2 X {x Hilt -tMns, 

/. IV 2 ,r IllHil. 

t \’Uli-s <\ 


2. Find the rate at whieh iee on a pond 11 iiirmpM* m thick me* when the 

air in coutnet with it h up|w*r surface p maintained at t t ’ 

In order that freezing may take place the latent h« at of hipofartiou mu*d \* 
eoudueted away through the tee, Het the thick tien?* of flie t«r at ittij gnen 
momeiit l>o /, then for the nest small |wrn*«l of titin’ »h, dm mg wliieli a tbn ktteaa 
dl fmmm, the heat emitted by unit area i* 


II 

A /»•!HI tit 

* . kf 

m * 7a*iio 


dl X I H 'PIT 

k x | v r n 

41 


7ii :m dl, 


x fit, 


l 


di 


Hi 


Thun given k ’0022, r - 12,111111# f* 

di *01122 n I’d 

dl Til’Iltl x f* 

Equation (1) nmy \w written 


kt 

nm 


* i#i i di 


*twt 
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the integration of which given 

At . P 

Tahiti ’ 1 2. 

or P x t kr . 

30*38 

Thr form of the equation hIiowh that the curve giving the progress of the 
thickness with time in a parabola. But the actual conditions are not those of 
the ttcmlv flow of heat contemplated in Art. 140, and the result is only approxi¬ 
mate. 

With thri pros ho, taking A* and r with the Maine values as above, then 

xwmp t 


and by giwng f the mtemwivo values 1, 2, 3 cm., we obtain for t values about 23, 
p?, and lb 17 mm. im the times of formation of those thicknesses. 

:t. What aveinge e\eem in temperature in a chimney 130 ft. high would pro¬ 
duce a pull measured hy 1 in. cm the water gauge! 

Hupf H t’W* the hot gaa in the chimney to bo at r° (1. and the air outside at 0° 0. 
If tie- Hcrfiontd area of the chimney he taken as 1 sq, ft., then the weight of the 
,'imntrrbalannug column of air outside m 133 x '0807 ~ 10*97 lb., and this is 
«'*pnd to the arnght of bill e. ft. of air at r" 0. *|* the weight of ^ c. ft. of 

‘ * ?..»* p l( 

■Vi!) (l t- M • 10-1)7 
V 27 2 / 

* r - 24 (f 0. 


wati t, which is n 


ihh»: 


1 If a plate of iron I ft. square and 1 in. thick transmit 7*5 British thermal 
Hint j t|M»nnd degrees Knhr.) jwu* minute when the ditference between the tem- 
}h tatui< **f its opjh**»te fiu-es in l" R, find the conductivity on the Centigrade 
jry»!run in i ‘di.R units. (I lb. 4A3‘0 gnu.; l in. -- 2*54 cm.) 

11 7‘h »; | v i,MP3 units; r$ r 3 = J"; l = 2*54 

4 i f o w O f. 1 \'i » 

•S? * ft 

whence A* *U>5. 


If we take r m the equation of an ideal gas, pv - HT, to bo the volume of 
I„ ^tftiiitiira of » of w hu h the molecular weight m to, show that ft is the same 
f»,r all mid find it« value m (Mi.H. units, given that the density of hydrogen 

tt l ti < > and » prwuitc of 1 megadync per ttq. cm. m ‘0893 grm. per litre. 

ti. V cylitulileal »«4i*l rod m heated from tf U, to 100" C. if the linear expan- 
«4 f!»*•> *,*d ei t§ ,* lit *, what is the i*emmtage increase of the surface of the 

fi«| ? 

\ u \tUftk I litre in rapacity is dosed by a cork through which passes 
n *nfollftiy tuU-, 'flir flunk contains nmnu mercury, and is filled up with water, 
in* u 1M «tipir* «1 ih< purl of the ttitle, the temperature tming 0" 0. What must be 
III*, Mdumr ,4 the Ilirmny in order that, whim the temperature rises, the motion 
*,f the liquid m thr riipilluty lutm may indicate the change of volume of the 
to^irt ’ t ««f r%p»iu»ioii of mercury ’00018, and of glass (linear) *000009. 

a \ psrrp t»f tndphur weighs f»0 grm. in air, and has a volume of 25 c.cm. 
*!»„,, Up, triniwTutiifc t« 17 R and pressure 74 cm. What is its true weight, the 
ifpiwiy id fl.tr U ttig 00121* (grm, jwr e.em.) at 0" and 73 cm., the coefficient of 
»*f air l«*>»ng ili* and the density of the brass weights 8. 

$ 4 .i's 3 I 


27 
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The difference Imfcwtwm the upthrust* m the weight of lH*7f* c,n»i. <4 nir, which 
at 17" and 74 cm, in *0221 grm. 

9, A ghvHH hulh of 20 c.cm. capacity at 0 (?. containing dry hydrogen at the 
atmoMphonc pronmiro of 700 turn, of mercury m heatod to It»t» (\ at numtnnt 
prcHHurt'. Kind the volume of gsw o\|m4Im 1 measured at n (\ ami I'iiCI mm. 
preaMure, if the coefficient of expansion of hydrogen m .j|^ ami that of ghe*a 

10, If 1 grm. of water expand* hy llltlh corn. on freivung and evuhea hi) 
caloric^ calculate the H|M?cilic beat of a mdwtanee, In grm. *4 win* In when intro¬ 
duced into a Bunnon's calorimeter at a fcmjiemitiro of Hw r , picture a eontrae 
tion of 70 iutitii. 

U. In a determination of vapour density hy VVtnr M* \«V« nu thud the 
following (pmntitieji were ohtnined; weight of liquid, d 10 gun., mlmm* of **ir 
driven off, 28 c.cm.; temjwrafure of atr, 15' <* ; In ight of men my m measuring 
t id hi above free mirfuee, f» cm.; height of UiromHer, /*» *m. t 'edentate the vapour 
density of the Hulwtance tmed. 

12. A jacketed venae! eontiiinn a liquid m whieh a pual *4 w u« m immersed, 
An K.M.F. of 20 volts in applied to the «md» of the spiral, and a current of 
2 amjmreH jianaea through it, U grm, of the hqmd ate Itodrd av*»y every 
minute after steady ladling 1 mm hegiitn What m the latent heat of vsq«»mat ion 
of the liquid I 

12. A cylimler of 10 litr vn III tern ill volume con till tm ga#* at a pir-n.niif*? »*f IiJfl 

ntmoHpherea, which in allowed to e*wvq*e ntowlv into the air. the I* inpetatutr of 
the cylinder remaining constant, Kind the heat 

14. Explain how the fusing j*omtH *4 under pr**wuitr d* |« nd ti|»*« their 

volume* in the liquid and m the »*I»d **!»»?**. %\ hat rehttmit ha**- the**’ , hnngt* 

to the dynamical theory of heat, mid what court mo on** mmv l*c diawn aa t«* the 
relation lietween the latent heat of ftuuou and the trmj^fafure* *4 tmu*n f 

15. With what velocity must a iww of nsd coniammg 7b j«-r cent «.f *»rl»in 
Ihi moving, in order that its kmette energy way «|»w! the energy developed hy itn 
combustion I 

IB. A certain j»enduhim u* ilfWHJI in long at w t *, «s»4 it* time »,f % itiratmn 
m *11047 mn\ ; at 40* (X tin time of vduateo m m * Find the »»*» tti* i*mt of 
expansion of the undid. 

17. Find the ruto mt which * jet of hydrogen mmt horn in air ili.cl th» energy 

dnvetojted may t*o t*q it t valent to I lutfutt jMi*er. 

1H, A iitiifw of air at Atmospheric fittmnirp is* *ottipfr%#«i hy the of an 

engine, and is heated thereby, It i» Afterwards rr«*4«l down t*« ifa original 
tmni«?rftfure Indore compression, and t« then n|«»fi*l«l d«*it»g ##*ik When 

it Again arrivenal the pre^wnire »f the attm«»plmfw it n *nteso»r4y c.4d, and tt»y Isp 
iPod f*»r refrigerating |»ur|»««'5 K*pl*ii4 r^tdiicg thr ptm« iplea 

of thermmlynmiiics, Why m it «i nct%*t»t4ig«> i«» «!#* 4«r to 4» vrofk while 

nxjmmhng? 

IP, Th« latke of Uetmva has mi iw **f 24^ imU Hup|««»r it t« |» 
fixijmn to a tlepth of tl ur W hat is the weight *il the 1 *;* f 11*.w ion. It %%,» #1, ^as 

dotw on the itdifitiftjitfiify iluruig tin? ttmgidiitioft ? I \nvk ioas* v nuit.a nf %% v 1 *t 

givwi out in freeningI How m«uy loirs of r*»*I w**nli| melt the h»i 

[I c, ft, of water weigiin fl’i f% Hi, 1 »i ft, u\ w«i«r *t«fcr* i mm *» n ,4 ur 
Tin? wmliiwtlim of I Hi, of twill yi4*l« atWO fiwiiiiil %U K %*Ab iii|.i##4cf ‘4i ^,d«rd 
attmsiphnrin pn^awre 2tld He |wtr ft.) 

20* Httw many kih^fvmtt of work nnwi l«i> done %** | tg. 
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„f W at,r; If tl„ ; w offoctod by a current supplied by a dynamo 

«!,.«■ ••ttii'ii’ttry w 1.0 Iw cent, which is driven by an engine whose efficiency 
m HI rr ent and whose h.p. is 20, find the time taken in the operation. ? 
.1 a iHumd o water at O' is („) warmed to 100°; (4) evaporated at 

( ',1 "! !" . ,1 '" <>f va I l "» r ; (<i) deposited as hoar frost at 0°. 

What I« the trial inn .. the heat taken in during operations a and b, and 

tiiiii given out in njH-mti mm c and <t y assuming that the latent heat of sublimation 

the nmti uf thn Intent \mm of liquefaction and vaporization at the same 

tempo! attire I 

** ^ *l tm utity *‘f energy required to raise 1 grm. of hydrogen from 0° to 

tun nt eonsinul prrwmre .« emplnyed in propelling a bullet from a gun. If the 
mm*-* *4 th** httltet t«* fd) grm., find itn velocity. 

IM l\ui heavy blocks of metal (each weighing 200 lb.) are arranged as bobs 
of j« ndtiluun d ft, long: tiny arc minjamdod side by side, bo that they can swing 
m the wm»> plane, and m that when at rest the bobs just touch at A. The blocks 
nr*' thru mq*#i rated a* far m possible, the pendulum rods being horizontal. A 
trad boll* i ft »»/„) m |*!*u‘«nl at A, and the blocks are simultaneously freed. They 
r«'iltd*" ! , rtmli till’ bullet, and rebound through a third of a quadrant. The bullet 
1**11* tltfM * containing | lb, of water, and there is a rise of temperature in 

Hie ii»*ter of it degree*! Fahrenheit. Calculate the mechanical equivalent of heat; 
nr-Mlri't tlie lmating effect m the Imlw, and the energy of the sound produced. 

iHpeciflc brut of lead 

|SoMra« ting the energy i»f th« relmand, the portion of the energy of the 
itioitug iiniMiA which w converted into heat in the impact is that acquired by a 
******** of i**o Hi which him fallen through 8 Vll ft. This is the equivalent of the 
eio-igv AlmorUxt by the water and the load.] 


141*4iN FNIVEHKITY EXAMINATION PAPERS 

Preliminary Scientific 

?f What n meant by the statement that the “latent heat of steam is 536”? 

m^rnn t» mil* Itlfi grin, of water at 16" in a calorimeter. If the mass 

»»f «iiP water in «|i» ralor$u»efor U* by this mniwia increased to 110 grm., find the 
final tefuf^miute, mtpp^iug w* bent t« have boon lost, and that the heat taken 

ihe rfii**ttf«rtef way U> neglected, 

’if* WhM is iiiPisiit by the mfiflmmmi et$mintlmd e/ tel! How much will the 
teiijjw«tutr nt » nmn U> mmnt by going up & flight of steps 30 ft high, supposing 
!ii#i t»*lf ili» totel t*orh he dura m »|«*nt m heat, and that the specific heat of his 

t»*tfv »«* mu I % J 

;i«1 ■'•jwifir li«*t ”, amt state how it m mmmured for any substance 

t*f Ilir isirili^l *4 mntmrn, explaining carefully how the quantity calculated 
ff«m th«* *• really flte *|w*'tflr heat an defined. 

;*;* f‘«Irtikte ilir weight of dry air in a room 20 X 10 X 2 m. when the 
t*rom»t«*f nUmh *t 77 cm., and fclw Centigrade thermometer at 15®. If the 
*1 ri cm. and the thermometer at 25 ft 0., what weight of air 
Wioihl ill© ptmnn t 

*j$ |f j 4 h 4 , rw ,\ tmm it| kdogratn metre# of work perwcoad for 5 hours each day, 
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how much at least of oats per week must ho eat to supply energy for thin work if 
the combustion of 1 gnu. of oats would warm 10 kg. of water I <\? 

29. Dwerimimite the general projmrtie# of solids, litpnda, and giuwit. What is 
tho difference fietweeu a very soft solid and a very stiff lupsid i What is the 
difference between a gas and a vaj«»ur l 

,10. What projHirtit'H have lujuids and giutcH in common, and w hat projwrtitm 
discriminate. them from each other t What do you understand by the term 
**perfect gaa M l 1 grm. of mteh a gsw at 2# <\ hm the pressure «*tt it halved, 
and m then cooled until it occupies the name volume m at timt. W hat in its Hind 
temperature? 

,1L A thermometer in mpiiml to have a range *»f Dio' ; how much greater 
must the capacity of the iadb U* than that of the at* m t The apparent coefficient 
of exptumion of mercury in glass m *000Ifn What w meant by the Hpjsirrnt eo 
efficient of expansion of mercury in glass? 

*12, Define eoudueting |kiu er for heat. If the conducting j«»w«u of a woollen 
fabric bo ‘000122 ll.Cl.H. umtn, ealeulate the heat had per minute per *wpmre 
metre of the surface of the lady of a man, whom? airfare irtiipenitine tn at) i*. 
when the external air w at fb and when the thick nr** of clothing m *1 mm, 
What number of kilogram'metres of energy dor# tin# low r* ptewnt / 

S*l» Define work and kinetic energy, A man putting a If! lb, nh««t deliver# it 
with a velocity of tit) ft, j»er second; calculate tin? work lie «!»«?« upon it in foot 
IHHinda. If in order to produce the* vehauty lie apply a umfoim fotce to the 
mam* for a distance of tl ft,, what m the magnitude «»f the fo*< »» m |<Nuimdaln I 

«!4. Desert Im carefully how to measure the coefficient of a w »th 

If this coefficient referred to O' <\ wen* ’tltt29!, calculate the volume that Httiti 
e.ctn, of this gas at 100 ’ (1, would occupy if the temf*rrati*fe were mrn‘4 tn litui U (| 
the pressure remaining constant, 

88. Dtwrilte how to eomjutro the radiating jaiwer* of mo face#* f**t heat; and 
how radiation, eonduetion, amt convection rc»j*erttvely ate e!le*-tn.e c**4ing a 
lady exposed to the air, t 'oitMder eajuecially the i-mrn *«f $$, bj ight m» Oil j*oi, and 
the same tightly covered with a single coat of thin flannH 

fntarmicfbita Scfftnc*: Pai* md Hmumn 

B0. Whim tmtt|tt»mturr* are etprr»»rd on the (‘nt It grade mr.mh, tti« latent heat 
of funion of urn it» rcprmetttrd by Ml, and the me* ham* ai rspovdefii of limt by 
42111 (metre gramme*), Ktprran the mum «piantttte« »»« the $’‘ahvrttt»p»i Mate, ami 

explain why one is represented by a larger and the other by * »m*ilet nmnWr, 

*17. Explain carefully the statement that the latent t§r-at of $nm*m of icv |« 
HO. What w the unit in term** of winch latent h* »t »# meaaurrd ? Trace the 
change* in the t*m}M’raturc and volume *«t I kg. of »«? «t !»" i\ t.» i»ht«h |$ P #t 
k applnni until it is convertetl into nfsNttnt 

SH, At the aeadevel the l#arofjieicr »tand» at 7?ui mw, %m4 ilo letup* taiurr i® 
V tl, while on the top of m mountain the f»l#nd® at Itio mhu , *mi the 

trmfmniiure is 11’ U.; tvuupare the weight* *4 • mbi» in»tfr. *,f #n $*» th*, i«m 
pluxm 

*19, A nmm uf 200 grm. of ropj^r, *hi*e #|«ciilr »# npl;*, i» I»»#teii t« 

100'” a. and placed in I fill grm, of at ft ’ t ■ „ cofiiainrd in • r«*pj*rr r»l?»ri 

meter whose mwiN k 2f* grm,, unit the temj*etatntc ti«*« i« ’ji $" t*. Ibti*l tli# 
ijweiho uf alm*b<4» 
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MISCELLANEOUS EXAMPLES AND EXERCISES 


, A . f w l' 1111 '*'' 1 1,1 froHt <>f a thermopile, and the needle of its 

m mi>v<>, Ihwribn M fully « you can what is going on. 

11. A <|iiimtily ,.f on 1 1 miry damp air under pressure is suddenly allowed to 

l h^-nhv what happens, anti show what has become of the energy of the 

12. n^whp hmv to meimure the maximum pressure of aqueous vapour at 

um»om Would it ho possible to ubo any kind of vapour as the 

nott\nu!»?.tiifir^ ui a thermometer? If ho, how? 


P. 1 ii-liin' .'..inlm-tiviiy for hr,it, nmt show how tho fundamental units of 

1 c ngth, iiiH’itj nmt tun*' cutor into it-n numerical specification. 

11. \\ hat ih known nlmut tlm latent heat of vaporization of water at different 
ti fU|"'f af Him ? 

It a i«‘drr r.veivcH 30,000 units of heat per minute through every square 
m " t” mirfaee, tlm total surface being f> h<j. m.; and if its temperature 

l“* i 111 **• *hih' it m fed with condenser water at 45°; what weight of steam 
w.aild vai expect to lie able to regularly draw off per hour? The latent heat of 
\ apM*i/aft«‘ti of wafer at l to ‘ (\ is 6OP, 

t:« \ man u ho weighs I OK lb. walks up a mountain path at a slope of 30° to 

fiir boii.o.n at the »at«* of 1 mile per hour. Compare his rate of working in 
iai> 1 1!ii’ tni own uright with a horse jHnver. 

tii t ir>«i t $t*r I low ttmumtmi thermometers are made. Sketch an ordinary 
i lino #1 thrrmomrtri, and mention its principal features. 

1/ 1‘i^unn the rflretii of \ ary mg temperature on the rate of a clock or watch. 
I 1 * * plain ItMtt • hiotiMniefeni are constructed ho as to keep accurate time in spite of 

* hflUgrn of |*’f|ipf'f Ufs% 

i s UadiattMii lew long been falling on a slab with blackened surface, each 
0 pi<n * d« > im« tir *4 who h nihroitiw 10,000 ergs per second; and the energy is 
11 Jiijniuiti « *| f«. Iwi emfiice half a centimetre distant, where it is removed by 
Will, i \\ lint * irmly dilfrrencr of tenqH'mfcuro mnst exist between the two 
*4 tin' 'ilrtb if tin conductivity is *02 (1(3.8. unit? 
to U«>w ♦ an \ntj pio\e r\|icrtment idly that heat is absorbed when a solid 
in* It.i f C* t« nb' ji m< fliHii for measuring how much heat is absorbed during the 


m« litng «*i n |*rtund **f nm, 

,M 1 1 Il'tM I |1 M' lb*’ pi iiirspnl phenomena of thermo-electricity, and sketch a 
ih« im,*pd»\ how if« part* are arranged, 

M nrr mud to jHwtew two specific heats. Is there any reason 

i,.* ihm ihniiii. !imi$, And if what m it! A quantity of air is heated, and by 
dtiiimeditng fit* piPMurr tij*uji it, it m allowed to expand 1 percent of its volume 
A c <i i * Smi «>oiv mi sr aw of temperature of V‘ 0. Hhow how its specific heat 
ti»» «« » -mliiiMie-, may f*e determined, and state whether it is greater or less 
Ilian *i.i tsj»t».!*» Is* iif ui promire. 

; ? \V Lai »» tn< Am b) tho nUtrment that the tliermftl conductivity of iron is 
*/ < <, :h nmt : tin. II an mm bar l\ m, long and 2‘f» cm. stjuare in section, 
n!« tnlh tti*’ * %pr«mp’iit« mvr-mmry to determine its thermal conductivity. 
If,.» that c*4d iron conducts letter than hot iron? 

b .1 f ill. Irfin^ •• unrk “ find ° energy", and calculatti in foot-pounds the 
ia i*tk il>>iir> * 4 s 4 % of I o/ M winch leaves the muzzle of a gun with a velocity 

i»§ | < m* i \ si j*» t ?j«"sisid. If the gun lmrnd lie 3 ft, long, find the average pressure 


llll IIjc* 

It l U S»t d« ymi undrr4and by the dimenmtms of a physical quantity in terms 
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of maw, length, and time ? Find the numlwr of dynes in the foree whieh, noting 
on 1 owl. for 1 min., produces a velocity of I mile j«ir hour. {1 ft. lf!W» erm, 
and 1 lb. 45,'1 grm, | 

55. Describe carefully how to measure the stride gravity of a or vaj»our 
by Dumas' method. 

5(1. Find the ratio of ttjwcdle heats of a gnu from the following data : A flask 
of 10 litres capacity weighs, when exhausted, 1*10 grm.; filled with the gas at a 
pressure of 75 cm. of mercury it weighs ItlH grin. The eohmm of the gun, whieh, 
at the name temjiemture m the weighing, in a tnl*e e loan I at **m, end, renjmiidii 
bent to a fork of *22T6 vibrations pr second, in 50 »m 

57. How ean the density of a saturated vajamr !*e determined J What are the 
difficulties of thin determination, and how can they l«* avoided ? 

58. Explain the theory of exchanges in radiation, and pr«»ve from it the 
radiating and almorhing jmwem of any sul stance are *,p»al Blair di finitely 
what in meant by ** radiating jmwer and show bow far it m rmmeet**d with 
reflecting |>ower anti transmit ting |«*wer. 

fill. A mercury thermometer at tr th contains 2 e,em. of mercury, and the 
distance tan; ween the fixed {tomtit is HO cm, ('jtloilnin the diatw'tor *4 the ful^ 
at O' (1., given eoefileintit of cubical expansion «f mercury oool h, «|,| t ,f 
, * 0000 . 1 . 

tit). Define the mechanical eg tit valent of beat-, »i»«l etplam h»*w it mn \m 
determined exjwrimontiilly. Water at 15 t\ and Idiili *ftii»»ji|§cr«*« pre^iire w 

panned through a jairoiw ping, ami at atnmapberie j>rra*Mfr. f hdmUte 

the temperature of the enrapuig water* given I *inatwph«tr«> Hi® dyne® j»*?r m\, 
cm. ami meelmnical equivalent of beat ■ 4**J * In' mgs, 

(11. Explain carefully how the latent heat of ovanoraimit *4 * liquid, such m 

alcohol, may la? deformnt«t. 

6*2. Desertfw how exjH?rimenta may l» made to uwmm*' the pr*»]» tty *4 %»|n|« 
of reflecting, altoorbmg, and transmitting tadiant brat 

68, Dnncril** how to use the weight tliettinuneler fo* the «»f 

tom{ntmturn. 

64, Ib?ftr?rit»» exj>rtimcnta tundo to determine th** «f ganra from 

Hoyle'* law. 

65. Explain the effects of convection In pf««lu*mg f ego Ur ftttu>*«phnrtc enr 
rent*, mieh an trade winds, 

till, Bute the crnmnettoti li»tww»n the |»miAiir*s an*l l*tMfw*riiitir«' t V»ift 

grille of ft gait, wifi explain how the &W4t»to teuijirfatiim may 

67, A fmmrnefer ltd#? dipping into a meteor v r»»rtnir * wit lorn »*f m$ 

ami until rated va|K»nr altov* it column «f m«»rctiry winch m <« rtn, aUitr the |®ir.| 
in the rwwrvtiip, th« **tm< cipher $e tiring fit em. Wlmt »» the hmght of 

the mercury column when the tul» i# deptyswirt) m* m i*« r**lue*» the volume 
occtipiw! by the wr t«» t*nc luilf it* original value, !l»» pfraaurr «>f tW 

v&|Knir l^ing I ft cm, 

68, What m meant by » »*wle «f «nd *m \+h %i d**-» iImj <U'htnium 

of any |»rticnkr #ml« dej»ond f K%pki» r^r^fully the omairtteiaoM «mi «f 
«f aome form of rwintant prNMttrr air ttieniifitfipler 
61, How can it shown rti#?ritnc#ii»l|f that th^ br.#i r«h*liatu'«n (mm m ti«t 

body nt»|» the mutt* lawn *»f and m liglil f 

70, A miHM of f JMI grill of faj*. heat II || i® fiiiiiii in # ,|, m **! * ha uilnef 

*& ft toftij»mttir« «f §0 F, Htemiii k itmn »ifiiiitt«l at » m \ *!in>^ph*rm 
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MISCELLANEOUS EXAMPLES AND EXERCISES 

jtri-HMit't’. < *»h*ulnt.* (Ik* mtiHS of water condensed by tho comer The 
h.-ret .*( „f witter at 1(H)" (I. is 5116 in 0 G.S. units. ’ 

71, I >• *'nlr <**[H*nmi‘iit,s to illustrate diffusion of liquids. How can diffusion 
U- i-t|doin<il ..n the molwulav theory, and how would you expect the rate of 
ditto mm lu vary with the temperature? 

tU " conductivity for hoot of a substance, and explain how it can 
tin si.*'smv4 for it guod conductor like copper. 

,;i twitbr Il.tw iht* oiwmoitmt of alwoluto expansion of mercury with rise 
ti tujh tm»* may 1 *’ found. 

• 1 , ""»i lllr ii'iodwr *>l cubic foot, in a stool bottle to hold at 120 atmospheres 
)*' 1 '">*>«. "I>"» lli" temperature is 25" (!., *20 e. ft. of oxygen under normal 

« mulil imib, 

>lvu U th»- curve exhibiting the law connecting the temperature at which 
«,!«* i ami Urn ptvwmrc. What in Urn effect of adding salt to the water? 

#ii \\ hot m ilm nphcrmdnl statu of a liquid? Why can liquid oxygen be 
p *ut*d mu tli« hand with impunity? 

# 7 , If it uin-i n fortv of 20,000 kg. per sq. cm. to produce a 1-per-cent 
dsiumti!u*n »«l Inigih m an im» Imr, what force would it require to prevent a bar 
s * »* hmg* 0 ♦m w ah*, and 2 cm. deep from expanding lengthways when raised 

;,tm t ’ in f«fti|w iiiiuru I 

i ** I **”m rd«* rniritilly how to make cxjH'riimmtM on the mechanical equivalent 
• 4 h« it !.»> nlwt v mg ch»< heat produced when a Hultsiance is deformed beyond its 
l»i»nf'» mJ »liiuiu ify, How much hunt would you expect to get out of the energy 
* 5 h»tv*| ns 4 flstr.r loiudmltteight block hung by two parallel strings, each 20 ft. 
hou*. and alaof*d at *10 with tho vertical? 

t\i I tim'im tho renditions that determine the tcmiwrature of the wet bulb of 
» lot mid dn> Inill* livpromoter. (Calculate the hygrometric state of the air from 

tli* f« 4 h<w Hig dutsi 

\t tual tomjw’rature ... ... ... 14*5°. 

f« mj« r-itmr at which dew appears ... 9*2°. 

Vapion trmmm «»f water at fT *0087 atmosphere. 

at Id” -0122 „ 

id 15' *0109 

oiartlv what ymt mean by u hygrometric. state ”, and why the number 

It ln« li H *»n gi*«’ r ?f, 

*m an r*|^rntienl to the specific heats of two liquids by 

ili«- inrilo .4 »»f KtpUm how a variation of specific heat of one of them 

vs ills trtti|*r i f'f 4 f tit«r WmiiM #f?«vl lh*’ result. 

s t | ss *i* t<% rilnbit r%|Mwmiotitally the existence of a neutral temperature 

in i|i« »«M* r> *4 %and iron, and bow to find it* 

0,Se. Examination 

*r»t i kh «k!r> thn wmk dioir during wtklmtie «x|«mHum to infinity of a given 
.4 *»** i* tmluUty under atandatxl condition* of temperature and pres- 


fHlfjr 


* 1 


I’siid fbr witnW of w*tt« m 1 h.p., given 1 ft « 00*48 cm.; 1 lb. « 458*6 


n*! on ’w 


m 


|tii 


KI„, r ,„ ,j V I** »•!.! »i lb** rnt" *>f W. pur kilowatt-hour. The mechanical 

i,«i h *,..,n l.y tho burning of «*1 worth 4 d. it 10 s foot-pounds. 



wo , 

, . ...... why >< iwr«y an much 

towr than <«»1 *'wruy i , j (r ,» v i<l.«l with a m.innw.'t.T, Ih-swihtt 

8 , 1 , A ohmod Ptmma 1** «»' f \ ( u „. -mdd.nty »u.<mmd.*t Uy 
what ant the indiwrtion» of <•>’ (live win- «'*i’U..»ti<m *m th** kinetic 

theory. , , Uv ,h„ rate »f w»»n««t r«-.-,vr.t ftmn t ... 

8f>. Diwcnho any mi'thitcl y ' ^ fi , W)1|n f „ r ...m hi'.**.. that all th- 

mm town dtttonnmwt * , aitf^rinu «mlv m w&vn toMto 
radiation meaaured » «{ """ * f „f' a h. t u'd «« - *)"? ]' 

86. A mixturo of air ami of | vtl , MmP . A t a -I If. tl. 

tlw> liquid ia contained m a vm. f „» :... t\ .« n . at to l , .1 

tho jirowo.ro In ««• vrj*.» ' * ‘J, Awmm>l(j that at »V ‘*■,»'•' ,««<•*' 

auro of th»« liquid .« U>'i " 1H - ' * 1 ' u! . ,, t (.. f it >•> 1«»‘ '-’‘him water, 

67. A tmi.HK Mi *jv* a |«r » ar mt. ^ ^ s , t „ , , 

ami immediately after it w , t ,„ial n IV I«* a " >'«. .* th. 

Th.- coefficient -f lmoar o M «m»m 
«,tnro change ... the ctem- . -. wot 


twtlpl 


At W tak« n 

I him At Idfto H 

4l um 

tlmn M 

whflMf ^ 


I* 1111*1 *h " * J 

* , Mid 

| |. 

y i : y 


I i s 


i 

I | , ‘*U » »*t1 * 

M m # 

| .f iif»ft 


88. lhwritm «.d«h« 11 .. 

of uan*^ Hirmtith a \*ww \»m- . 

th« mothwfa now «•*! <"r ***»“•’ >' * s ,, t ,j„, h«*» •■( 

89. What m m«w.t ‘ho .uu.mm .1 «»»> » 

at 100* O. i» u«g»t»xo 1 . n! „, w lh»l »h*t wnf'l Iff 

AaauminK that »w«m «l»r> ****' , of 

tho voluino of 1 HT***. " st> -ao» a« ‘ ^ , N , , , (it „ . .. do «** 

,d h«,« front * htmw. 

W. Show how 1.1 r*h'»Uto - , »..!•>«.” »oq«-lHr.ly, 

ImlKO of tho V.ho ho*M .4 « a > 

•KtAdnlni ^t^fully any « . m «t* .•.loi.o', fool tko 

■ JJ A " p tr a i* •mhlenly oomi-wnawt .**' 

tMnjMntw* t« which it will «*’' .1 mjKM.w ■»« »•< * »dnl 

W. tW r.lw h*. W t-< to-aM.... ^ M ^ ^ fM(( ^ ^ . 1.1... . W 

W*ly. «.«,» *7 .“Laltlil ... .,*.»» *« ,Kr * ,,v ‘ ‘ ,M ‘' *****’ 

dirwthm, w«l «* «W«l »» ‘•’•7 . 

ottmct of txiUcal » amt *j *-t > '> >' ”' r 

*£,. 

Uw m »ltv.4vr.l »» tho .ah ^ (| ««,«’.■ '•* 

«#, Itownlw h»w the t» r.u '„ r «» }*».**« 1.04m ■»! - *i«"*o* 

QHMMmd. u »«ytl«»K h«t*t“ I* *t *1 
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IhV Kxphitn clearly what in meant by the reverse action of a heat engine; and 
di’Hitib' fully the v annus actions that would occur if an ordinary steam engine 
wrr*' !«* tw* iu tin* »wn*o reversed. Define the efficiency of an engine, and show 
Umt f»»r a reversible engine the efficiency in a maximum. 

pu What i* meant by the critical temperature of a liquid? Draw a series of 
eiMthriitmh* bu- some typical mdmtance, such as CO a , and explain your diagram. 
Hnw in the difference m state lietwem the material in two closed tubes at the 
name t at wi e, one half full of liquid ami the other a quarter full, exhibited on 
tie- dictum ‘ 

Pi' \ 7 >* it p mm condensing engine in supplied with steam at a temperature 
,.i Ido t and iiMpuren IV.O lb. of coal per hour; a 10-h.p. engine is supplied with 
niriuu at a temperature of HU” and requires 61 lb. of coal per hour. Taking 
into emend* latum tlie greatest attainable efficiency of each engine, determine 
ttlmli »•* tie tiiofo nearly jierfeel, 

p*4 | ii’nt'iibo e'i|H<nmenta giving accurate relations between the volume and 
gif eft.mil e of |% gan at cunntant tenqvemture, Htatc the results, and show how they 
me »• * pi timed mi the kinetic theory, 

pp \U m nlw II method of determining the thermal conductivity of a metal, 
mi a! 114 ,: Urn precautions that are necessary. 

1 1 isi Wlmt m meant by a reversible heat engine? Discuss the efficiency of 
we h an engine, and nliow how to develop therefrom the conception of an absolute 
m ah of l* mj* ratine 

tut i!<i« nmy the e\|%mbnn of a crystal Ixi measured? What are its prin- 
«ip*! »4 r ipansmu ? If the expansions along the principal axes bo represented 
t v the tumiU-m It. t, an*l k find that along a Him equally inclined to the axes. 

Inp |w S id» Method* of measuring the two specific heats of a gas. 


K*pUm «hy they differ. # , . . 

j 1 j;i | h'-m 1 d «r< the lnpoMeter, and explain how it is used in determining the 
tsV t s% 4 .. Jt tq***,, (rum 11 hot In sly. Indwuto hy a diagram what you would expect 

if i)m 4(di nete ** bkick * and alniut 1CKK) ( . 

pi I | ir«ln» n ItMvle n law frotn the kinetic theory of gases, and show how the 

throf y rq.Utio thr deviations from the law. 

|n; ( fi ra , ri t* uodhod of determining the ratio between the specific heats of 
* if**a ml »on»unt prewire and constant volume. Would you expect this ratio to 

\mr> ,‘i r%irf f I simple “f for complex molecule#f . 

j| r9N nU, p,|irritiirnl» to »how the effect of pressure on the melting-point 

*4 * fttitMlaiu *\ slid k’M 1 the theory of the subject. 

pi; f h-,m rd«r> • method til »f maintaining a lardy at a constant temperature, 

l* i5 ,.i ,,m« m n-»4v f« Mrduig a varying Um\mmnm% , 

1 ,« puj-Hm lien t^rtti 0 / mran jqvar*, and determine its value for the 

111 * 4 *'“* hI*’ 5 *4 <•% vgeu at u t lr«»ttt the following data. ....... 

i r , rn Hi rr V find W mm. prewure weighs *06144 grm. 

Ji-rfiaity «f mercury - 1*1*6 grin, per 0 . cm. 

Ae^lrfation of gravity ^ 981 cm,/see. 1 
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BOARD OF EDUCATION EXAMINATION PAPERS 

Stage Two, 1909 

1. Doftwilm how you would determine the boat of solution of a given mlt i 
water, How duos the specific boat of the solution affect the results obtained? 

2, How does the amount of heat radiated by a Innly in mono vary with it 
t«m|Mirafcurts the temjieraturo of the surroundings Nuuk kept constant * (hmpM 
the amounts of boat hwt jier second by a Issly at 827 t\ ami at 127 d in a 
evaeuatinl vessel which is at 27" C\ 

S. Explain why the water on j swung over a waterfall baa tfn tempemtur 
altered. If wator m diverted from the fall, nml employed in working a turbin 
or wator* w bool, would you ex|>eet the mam alt oration in temperature to occur i 
the wator? 

4. DescrilKi the Bunsen ioo calorimeter and explain the method of using it hi 
measuring «|HHufki heats, 

A Define the triple jKiinfe of a ttttatattw, illustrating and explaining you 
answer by means of a sketch, 

II, If a rod of load and one of iron \w enatrd with wax, and Wh lie equalt 
heated at one end, the melted jtortum of the wax extends faster along the lew 
but, in the final state, the melting proceeds farther along the mm, Expltit 
this. 

7. Ih grille an ex jteri mental method of measuring the specific heat of a gas, 

8, De»eril>e a simple form of constant pressure gas thermometer, and exptai 
how to use it for measuring the temprature of a water Imth. 

U, Explain the terms "dew-point “ and ** relative hutmdtty and show how t 

deduce the latter if the former is known, 

Stag# Two, 1910 

1, Demirilm Joly*« steam calorimeter, and explain how st has l*##n used t 
measure the sjswifie heats of gim**s, 

2, Describe Regnault** method «»f measuring the atianhiu* exjiansion of tuereurj 
and explain carefully in what sense it is indejiendenl of the e*f**«f*mn of th 
containing tulm 

,1, Hhow that on cooling air containing water v»|*»ur, if the m r is contained i 

a closed vessel, the temjwrature at which dew t* dc|«4*tt**t i» different frntii th 
dew-jK«nt as usually measured, 

4, I*e#terilf«\ with m sketch, the form of an n** it hernial curve on the prramir* 
volume diagram (*i| for a gas, (l| for a vapour, Explain the term M miim 
temjw*rature ”, 

ft. I Mine thermal citftdtseimif, amt det*erd*c a met leal suitable for its memum 
ment in the case of a mdmtance of low conductivity, 

fi. If the ajtectfie volume of saturated ntmm at HKT (\ in |ff 72 e cm j*rr grm 
and the latent heat fill 7 calories |*er grin., find the internal work of vagnuiKattutt 

7. Drm*nl«fi the exj**rm*ent of < lenient and ihm*tmm for timaaiitiug the rati 
of th« elasticities «f a gas, and explain why the rwuitt found m too |«*w. 

8, Deacrilia one form of ebtetriml tlieriiintiieter* and explain how it «s apphr 
for measurement* of radiant energy. 


MISCELLANEOUS EXAMPLES AND EXERCISES 409 

Stage Three, 1909 

L Give a short description of some of the more sensitive methods which have 
innm employed for measuring radiant heat. 

2. Explain what is meant by the absolute scale of temperature, and how it 
can be compared with the scale of a gas-thermometer. 

*l> Bhow how the ratio of the principal specific heats of a gas can be found by 
observations on its adiabatic expansion. 

4. (Jive an account of the effect on the solidifying-point of water of the 
presence of substances dissolved in it. 

f>. Describe briefly experimental methods of investigating the deviations of 
gases from Boyle's law at, moderate temperatures and pressures, and discuss the 
general theory of the results obtained. 

0. Describe carefully Forbes’s method of measuring the thermal conductivity 
of a metallic bar, and show bow the result is deduced from the observations. 

7. (live the theoretical basis of tho Stefan-Boltzmann law of radiation, and 
describe briefly experiments by which it has been confirmed. 

Stage Three, 1910 

1. Explain the limiting conditions under which a thermodynamic engine is 
jierfeetly reversible, and show that such an engine has the maximum efficiency. 

2. Give a short account of the theory of tho continuity of state from liquid to 
vapour, and show how it is supported or otherwise by experimental facts. 

if, Explain tho effect of dissolved air in promoting ebullition of a liquid, and 
of dual nuclei in facilitating condensation in moist air when suddenly cooled. 

4, Bhow how the thermal conductivity of a gas is related to the viscosity on 
the elementary kinetic theory, and discuss the experimental verification of the 
relation. 

f»„ Describe an accurate form of gas thermometer, and enumerate the pre¬ 
cautions and corrections necessary in using it. 

H, Dmeuf« the formula* which have been proposed to represent the distribution 
of energy in the spectrum of a black body, and explain how the distribution 
changes with temperature. 

V. (live a general account of recent researches on the specific heats of gases 
and vajHmra. 

Lower Examination, 1911 

J, A force of 2000 lb. weight w required to extend an iron bar 1 foot long 
by in inch. Find the force required to prevent the lmr contracting when cooled 
fnmi Kitr tl to O' Cl if its coefficient of expansion is *000011 per 1° O. 

2 Two glolies A and II, each of 1 litre capacity, connected by a capillary 
ttil*., confirm dry air at O'* O. anti 760 mm, pressure. Neglecting the expansion of 
A and the volume of the tula*, find bow much air will flow from A to B when 

A in heated to 100* Cl, B remaining at 0* Cl 

,1, tWrit#* a method of measuring the specific heat of a gas at constant 
awl explain how it differ# from the specific heat at constant volume. 

4, Explain what is meant by the vapour pressure of a liquid. How would you 
ftiefMmre the v&iKHtf pressure of water Iwfcween 0® C. and 50 0? 

fi. If the up|mr surface of the im on a pond is at-10® 0., and the conductivity 
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of ioo m *0022 in CUTS. units, find approximately the inemwe of thickntwt of the 
ice per hour whom it. i« already 10 cm. thick. 

0. When 50 e.cm.ofwaterat 20”<>,are inserted in a Bitnacn ndorimeter, tf»%1 grm. 
of mercury are dtivcn into the bulb, Kind the contraction which occur* when too 
in melted, awnming the density of mercury Kill and the latent boat of fusion HO. 

7. How may the density of a v&jxtur he determined l 1 Mierdie one practical 
method and enumerate the child precaution* to t*e taken m jw’rfortmnu the 
oxjicrimont. 

Lower Examination* 1012 

1. If the coefficient of expansion of mercury m ’bftftlH ami that of ({hum (linear) 
iw *00001, find the mam of mercury cxjirUed from a gl?*» hull* mntitmmg ICitiii gnu. 
of mercury at O'* twhen heated to I CMP 4 (\ 

2. State Ik»yle*« law, and deacrdie an *»s|mrtfii#mt by which if may I** 1 trifled, 
flow would you allow for any tonal! variations id fettifterttlitre during the r xjH’ri* 
ment? 

8. Find the work clone hy it, cubic foot of m expanding 1 \#r « et»t at a 
constant pnwure of 14*7 lh. pr »§, inch, ldeduce tin spetfh* heat m foot 
pundit jht cubic foot at this prciwure, if the ratio of the two spotlr boat#* m 1*4 
and tint coefficient of expauftion 1/278, 

4 , Ibwriiai two exprtmenta to tlhiatratt* the effect «*f jtrvNHiirc «»tt the frwimijf 

point of a litjuid, How i» tht* effect related to the etmnge of %i*1ttitir who h occur* 
on aolidilianthm ! 

A, Two litcon of air nattiratct) with aqueous vajmtff at Xf t\» nintrf a pr» »r*ur«» 
of 75 cm, of mercury, when rompreiiiteif to I litre at the *umi»u temprature diow 
a prtMHtiw of 14H cm, Kxplain tin* olwriatmn carefully, and find the procure 
of tlm vapur. 

(I, Kxptidn what i» meant by a ■* ntack t*«iy Slat*’ the law *4 iwltulum for 
mich a hnly, and ilcitcritw a method of verify mu the Uw 

7. Kx plain the conditioim ttrcrwiary for the hqttrfa* tout »»f % by pn n«tue. 
and how it w jmttnible to make a mil stance from th*- ^t-ate of liquid t«» that of 

vit|mur continuously without any «tt)«*r*ttott into two j*rt« one liquid mml the 
ether vapur. 

H. I Wine thermal conductivity, and explain ho** y**n would compare tlit* 
pomluctivitiefi of two similar taunt made of different met*!*, 

IK Descrilie one form of elwtriral thermometer, m«t ripUm the |»ntirtj4w *»n 
which its action drpmk, 





APPENDIX.—TABLES 


M<*«t of the figures given in the following pages are taken from the latest 
edition of Rnmhilt and llumatrin'H tables. Many of thorn must be regarded 
an ftjtpiitxmmto. 

DATA FOR DRY AIR 

Kipnnm**n from O' to 1(H) at t$t mutant pressure as 1 to 1*367. 

Sj*erittr heat »t ronntant pressure ... ... ,,, .. ... ... *2375. 

», vohune .. (Joly) *173. 

SiimmIumI height nf barometer , . 29*922 in. = 76 cm. 

Stamford ftr««uro of atmosphere 

I Vi It*. |w’r ?«|. meh • ‘2117 lb. per wp foot. 

ItlSlKI grm. |>er «tp om. = 1*0186 X 10 6 dynes per sq. cm. 
Standard tl* unity of ntr at 0 0. ... *0807 lb. per c. ft. == *001298 grm. per c.cm. 

,» bitllitiirtw ,. 12*30 c. ft per lb. = 778*3 c.cm. per gramme. 


ABSOLUTE DENSITIES 

Mam «/ t <vm in grammes 

Air (HrimituU) , . . *001203 Hydrogen ... 

... *0000899 

t My gen 

*001425 

Carlxmio Acid 

... *00198 

N itfugefl 

*00125 

Carbonic Oxide 

... *00125 


1*026 

Glycerine . 

1*26 

Alr«i|p»l 

*704 

Mercury . 

13*55 

Ktlirs 

*72 

Sulphuric Acid 

1*85 

AlllffliSlltlfSl 

2*6 

Oarlwm (diamond)... 

3*5 

f IrKmn 

iiknit 8*1 

fl (wood charcoal) 

1*6 

1 *or 

K’f. to 8*0 

Sulphur . 

2*0 

1 f 

| f t s*Sl 

7-1 t» 7*H 

Ulatm (crown) 

2-4 to 2-6 


21*5 

„ (flint) 

2*9 to 5-9 

Irfj 

* <* 0 

Hyilrntfetl fwdttl) ■# 

Nitrogen 
i kygeli 

. *076 

..1*026 

... 1*426 

as 







HEAT 


VOLUME (X)KFPiriKNTK OF EXPANSION 

PEE DKOKKK CENT. 


Iron 

. , •0000373 

Platinum 

'0000*27 

Stool , . 

•oooona 

I#oimI 

•0000HK 

(lupptrtr 

, mmm 

Tin 

*000007 

Zinc 

•OOOOHH 

Clnltl 

*otmo4a 

Brawi 

•miwifif* i 

Silver 

•ticiooim 

loo... 

•cttmcin 

OIkjm 

•CiOOIl'if) | 

Sulphur 

... '00(114 

Umtu 

IftlfMITJ 


Alcohol 

SMtflftft 

Oil i»f 

*00007 

lliatilphsijp nf Oitrlmn 

*001 '2*2 

1'hlumfurm 

twin 

Brtwmit* 

‘CIO! Pi 

Hiilpliurtr A**itl 

'imu\ 

Htmuino 

•twins f 





SPEC 1 PIP HEATH (mm at hi 


Wrwm . , 

UPt f Irv 

’ft tjilitfl* 

ill f 

(lhm 

•Him f Mnrl*!«‘ 

i 1 ? Ht«4 

Ils f 


Impmi* 

»§# ir 



■Mil 

Htit|«hitr»i* A«* : i4 

■m 

Oil of Tnrftrtttm* 

i'i 


HU 

Hon turn* 

•III 

»*| I Mf 1**11 

■33$ 

Ilrmnitip 

1«7 

Mrmiry 

i!3»t | 

Nil tin A* id 


Pal* ftttifi 

ftftt! ? 


fat pfrmmnr4 


Air 

•ill 7 


3'41® 

1 ttyicwi 

Wt* 


U41M 

Ulilefitip 

lillo* 

1Art»l 

tm 

flroittttto 


f 'nr)«Miup l ittt|p 



imh 






Oftrbcm Bisulphide , 
Alcohol 
Chloroform 
Onyon 
N itr*»grn 


278 
248 
258*8 
-118*8 
—146 


72*9 

63 

55 

60*8 

35 


UK AT UK COMBINATION WITH OXYGEN 


UW’ (InUHllH’, 


Hydrogen 

( \ll I m*SI 

Sulphur 

Plionphorim 

/.m»* 

1 H*U 

( \»|s|w*r 

t < a * 


Compound 

Heat in 

Formed. 

(Calories. 

11,0 

84000 

CO* 

8000 

HO, 

2800 

PA 

6700 

ZnO 

1300 

K.-A 

1580 

OuO 

600 

(K) a and H a () 

13100 


Energy 
in Erga. 


143 X 10 12 
336 X 10 u 
966 X 10 10 
241 X 10 9 
546 X 10 8 
662 X 10 8 
253 X 10 8 
550 x 10 9 


(■ONIHUTIVITY AN1> 


mmiSlVlTY 


Pt AAA 

Iron 

/mm* 

i #rfiiiai* Mjlvrr 

|r«r» 

o»lt 

i I!am 
H r** k Bu-U 
; W ««4 

j \\ ale? 
Ulywnttr 
Air 

Hydrogen 



Cmuluetlvlfcy. 


'9 

-25 

•15 to *20 

•26 

*1 

•002 to *006 

*0008 

*0006 to *002 
*0004 
•00011 

•00148 

*00068 

*000067 

*00082 


PitTusivlty. 

*98 

*22 

*011 
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II A T 

S # m 4 » # 


HOIMNU POINTS AN'O l.ATKNT HKATS «*F VAPORIZATION 


.Muhhtaiu'iv 

HmsIIiik 

1 lllrtif 

4lj» « 

IMluife? 

j l.uti'M 

(H’lltt 

III ill 


! ii«*4i 

I 

Alcohol 

■ ?H ;i c \ 

'JMYU 

M* ti in \ 

* t ? * i * 

1 , 

1 tit! 

Ammottiit 

s .'H'h 



f P , : i 

Ui\ 

Bromine 

tl \ 

! II 

* li 

1 *» 

1 fill 

(Whim 

1 H 

I W 

1 h| m! Tut J * uf pi* 

1 ,.»i 

j ?l 

(tiulmium 

17 * 

j 


Hid 

J Ilfi'J 

Kthvhme 

1 ml 

j 1H« 

HjiSj 4|III l»|M||i|r 

i«i 

1 

| 

Kthor 

liy 

I N | ,< 

U j*t* i 

luff 

;• in 2 

1 lyilrn-M-n 


' | ’* 

i ’ 

/uii 

HIM 

Lilli III \i*'nl *t| nlisiiiii at lilt 

t III t 1 H ’,! V; N f »„ I Mil 1, f If if j, 


MKLTINU I111 NTS AND 

LATENT If K \TS uF 

i.i*,*i i:i' 

ACTION 


HlUwfiilH 

1 

1 

Mi Sfltijf 

j talioil 
IIphI 

1 

Mt!'*!*t« r 

l|* <1 Uiij 

J«‘ *li*l 

lifnii 

Ill’ll 

Alttmitmim 


iUH l 

• tl 


Hul|4ifir 

t If* 1 ‘ 

If 4 

(Vttlmittm 


:m 

LI 

li 

1 1*1 

v.u 

t L*i 

( \mj§rr 


I if 4;| 

1’1 


idltlalltllt 

H |M H I 

Until 


lilil.'i 



T»»i**pi* ti 

;’’4? Hi 


frttfium 


? If ill 



/mil 

SI« 

tl M | 

I inti 


i of HI 



1 # t 

1 lllff * 


LiH iron 

\ 

1 'i/f* 



1 Mu ufIsn 

M 


LimmI 

\ 

J'4<» 


1 

;%s I'll 1 i 111 1J \ ) | f ,■% f « 

;i i it 

*11! 

Miirtirv 

1 


*■ t 

*1 

I'oliWHsafii % sli 


IM 


i 

tl 



I • 

; 


PUtimmi 


11* ft* * 

H * 

) 

N it i * '}]*' ii 

7 | i 


Miher 

i 

1*1* I 

f i 

li 





\V FT 

\\n 

ftlfV 

Ill 

i.i. in*ii;«*Mi u i; 



$ t U9t*»ti «* 

f if '<1 li r in » )?•/: !f!)r!rs>) 



t»n Imin 



£*<'««• 4't Itef *>«*« r*fll. 



ttafttlltitf 

If 1 

* i 

?■ 

r 

i‘ ’ •>: 

3’ 

Iff 

II' 1 * 

*Uf V 

4 tl 

1 < 

;? 

ti i :i ] 



«# 

** 

f. 


i ;i 

J 

o 1 y 

’ 

1 j 


4 

fl 

1 

If t 

4 

I 'ii 



11 

% 

# 

« 

l» p 

1 H ”J ii " 

1 i 


ft 

it 

o 

l! tl 


m t y i f 

1 
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MAXIMUM PRESSURE OP WATER VAPOUR (BROCH) 

In mil!metres of mercury 


‘•ir (\ 

*0 14 

to 

2*Ui 1 

u 

4*509 

l 

4*0011 


5*272 

*1 

5*058 

4 

n-nnu 

U 

0*507 

0 

n 971 

*4 

1 

7* mu 

H 

7‘HIM 

9 

H'MK 

Hi 

11*1 to 

U 

i i 

U 9 th 

J "* 

10*402 

HI 

11*107 

M 

11 *8N4 

ib 

12*074 

in 

l!l*M0 


17" a 

14*395 

18 

15*330 

HI 

10*319 

20 

17*303 

*n 

«M l 

18*400 

#s4 4W 

19*030 

20 

*20*858 

24 

‘22*15*2 

2ft 

*23*517 

*20 

24*950 

27 

26*470 

*28 

28*005 

*20 

29*744 

no 

31*510 

M6 

41*784 

40 

54*805 

ftl) 

91*978 

no 

148*885 

/ U 

233*308 


80° C. 

354*873 

90 

525*468 

91 

545*765 

92 

566*715 

93 

588*335 

94 

610*643 

95 

633*657 

96 

657*396 

97 

681*879 

98 

707*127 

99 

733*160 

100 

760*000 

101 

787*668 

102 

816*010 

110 

1075*370 

150 

3581*23 

200 

11688*96 

230 

20926*400 


DENSITY OF SATURATED STEAM (ZEUNER) 


c /b 



Ommuru in (Vntl 

Density in Grammes 

till*" 1 

metre* of Mercury. 

per Cubic Centimetre. 

tl (!. 

‘40 

*00000475 

*»*-r 

1*739 

*000017 

40 

5*491 

*000051 

no 

14*879 

*00013 

80 

35*462 

*000296 

too 

70*0 

*000606 

uto 

149*128 

*00141 

no 

*271*703 

*002 

too 

465*102 

*0032 


3 ] 7 

i i ‘ 






MISCELLANEOUS 

<in iinliMi jirr hour 88 ft, jwr fttnumd. 

A |ur»iiff’ of r jwt atp cm. 2*048* lb. per sip foot, and corresponds 

ti* m rt*Jiiiiin «4 mrjvury */n58«r mm. high. 

fip, tf h( of h*»mt*gnn««»UH ntnumphorc - 27801 ft. 

| %»,! of WAtrr at I CRT makuH about 1070 vote, of steam at atmospheric pressure. 
| h t* SlifiWMi fiwit jaumda j« r minute. 

A «f putr water at 02 F. weight! 10 lb. 





ANSWERS TO THE EXERCISES 


I ° wi,1 K 111 <•>>« inexactitude of the data in many examples (e.g. L for 

wain- varimmly m 79-26, 79-6, aud 80), the answers must generally be 

taken a* approximate.) 

U (Pam 16) 

l. {it} HIT. {*) 1H"C, 2. (a) 50” F. (b) -38-9° F. 

I- (*0 »«1 ¥» (6) ir K. 4. -25’0 # R B. 41° R; 50 ° R 

*»r l"ir R $. 455° R 9. 11-1° 0.; 166*6° C. 

III (Page 28) 

5. 'MMUl'm. 4. 600*2186 ft. B. ‘2196 yd. 6. 1‘22 ft. 

t. yiHlMH t\ m. S. 23H*0 yd. 9. 10*00321 yd. 10. *1199 in. 

H - »*• 13. 181W t\ in. 13. -0B1 sq. ft. 14. *0172 sq. ft. 

16. i MU* I rm. 

IV (Page 41) 

6, *000061. 6, 1 Hfitl ox, T. 5*40 grm. 8. 64*1° C. 9. 98*6°. 

10 ilitfltM*, 11, Thr degrtKM would be nearly ten times as long. 12. 1*0543. 
13, '000060. 

V (Page 55) 

%, H*w Art, 60, 3. 9*02 grm. 4. 534*16 c.cm. B. 3040 c.cm.; 

1500 t'.rm, #. 000 turn; 622 e.em. 7. *185 o. ft. 9. 450*53 c. in. 
n 1*2'6 iii. IS. 2UH47 grm. 13. 78*8 litres. 

VI (Page 65) 

1. 1*0072 to 1. 2. 12*3 to 1. 

VII (Page 91) 

I, Putut Mttim, |*$I f»*r a (6) 25" a 7. 292*5 0 O. 8. *152. 

16. *16. U. *1030. IS. 5*24 Ik 13. *093. 

VIII (Pagi 111) 

i mu 111, 3. urn 4. 11*05 grm. B. 92*7 acm. 

». 364. 16. 1 lb. titwly* 11. 1*5* O. 13. 252*8 lb. 

If. *P4k If. 0329. 
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6 . 44 * 2 . 
14 . * 095 . 
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tx ii\\nu vm 

4. *0UP %rm, 6. 24fH, t. f»«Hn tfrm, T. Un? i 

X ! Uh 

2, ‘l 1H gnu. (Art, lUff. 1. 5S5. t ft Ml. • V* / 1‘*. Id iwixr il 

Xtt ll’iai I 7 f) 

5, *0102, fi. 7S'/» I»r 7 ftn 3 |«‘f »< i4 i Unm, 

7.r a 10. M»h; iritii, 11 7t ;* pr **•■*»*. 

XII! i »•*«•* M» 

i :i t*» r 

XIV iV\u%. mu 

4 *i7X»* i, lii.H f i^ ;;i |»:,f «5-r n :iiii» 

», 1 III H4, 1ft 14# #M*. 



i, Hosci x it, s. vmmi § * w i s 7 § mm, 

511*1; f, IW4i t*r l**W » liters # 4» I i** i# 

I, f»|l| * lit 4 f»**| 1 * 1111111 %, It JliHI * I<^ II I **-<'*<** I . « |.',- 4 »si* 

IS* ItF fittfl §Mlittil*. 13 m *»« a 4 |mt*(t«U s 14 ' l > I'*<**'• i;rt« » 

pi mm pit 11 i imi t« a * it # 

IS# 7tl’ft 111. If *$0® t*m\ 4 1 |*-niirt|» » PM ’!« «4jr 1 «**wmwhw» 

kiiiPln? t*tH>rgy. li Mi I a* |*mfi«§A 

XIX tfim« WM 

l. FftlttflS (mm At* nil 1 1-1! ?iW ^ 1, * if' i ,<■ t „,% p, 

$, *MH milt* pr limit, 4 t I «.» t, | % >1 <4 7 ,n^» 

(A| Ifltfif fi §#*r mm% i »i11 |*«iit*l 4*^t**^ ? a 1 <i# *».»* ft > M |« 

pr «i, §, irti n'ift f«»t |li -fl I® >*i * ^ -»n4 4. *«**•* 

II, 1#*J ISi, If *V#r a IS 4 *i ‘Iptrtit! ft ‘o 14 

il, W'ir n I# i M#, It 1 4|*M f»^i i*. li 

II, 1 lira |# 4 » itfjtj |* iiifpl il ;?!S *1 il I |*t i*#it, 

II, ST t *, it, 47soa WII, pr m*'-, fi w I §# 

Filiriiiitipil:, If* 8 fli Ift fi -it# 1 * |n* tp'i§! I# *#f| J# |ti# 
mil«« \mt lp»iir, SI, il II Vm*$ t 
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XX (Page 320) 

1, 11104 ft. pur sec. 3. 10*97 ft. per sec. 

XXI (Page 328) 

3. 439050 gnu. cm. 4. 84*68 foot-pounds. 

XXII (Page 342) 

4 31378H4 grm, ctu, 3. 2984 foot-pounds. 6. 486°; 77*8°. 

XXIV (Page 357) 

% 107 HP C. 2. 7‘ft. 3.2*82. 4. *6349 c. m. 5. -109*5° C. 

i Hlii’i kg. nu 7. P 20*135 lb. per wj, in.; 44*78° 0.; 493*9 foot-pounds. 

o Vnliiwm urc IfVl 3*13. 2*35, HU5, 1*68. 1*43, 1*29, 1*17, 1. 


XXV (Page 366) 



i. fiwit 

jHiiimin, 

%. 46*H, 3. 235*4. 

5. 220*2. 

6. 3*168. 

7, 

IltlHH * up. 

9, 80. 

0. 25*3 per oent. 

10. 29*9 lb. 

11. 1540 


«t jMmiiiU. 


XXVI (Page 888) 



3. 

2d |»c>r * rW, 

4, W - 

|1L 6. W «* *842 H. 

6. - *68. 

7. *178. 




XXVII (Page 896) 




% 2 

?h (\ 

4 *28” *495“ 0.; 

*019° C. 



MIHc’ELLANEtUm EXAMPLES (Page S98) 


fit h I cl* 


it, 2'7? 


i, *01 HI. 7. ISO turn S. 50*0221 grm. 9. 5*322 c.cm. 

It, 115. 13. 11*22 X 10 4 calories. IB. 674000 

, |»t * 18 (KHintflfi. 17. ’313 ({fill. jKir min. 19 . 192 x 10 10 lb.: 

m . )u>* (.».( U>a« x 10" pound-degrees; 797 x 10 tons 

90 .« )>t H i»m It «. 837 = 734, ^24661 cm. per see 

... *♦. 71 Cl. 98. ’846“ O. 97. 496-8 kg.; 261-8 kg. 

|„i,- :i to lull C\ «. Uapaeity of bulb « 67-28 that of stem 

S3 nn «>.«}., r«* ** WMI font, pound* ; 4800 poundals. 34. 1741 

t SI J -• 235-5. 31. 195 : IPi. 30. *6889. 44. 14735 grm 

48 -t’ji 41 <nmmr, 8*. 976-0 foot-pounds. 84 . 37826-6 dynes 

„ 1.-.U »%/ ?••««• 40 ' 8M ” a 87. 66"6 cm. 

74 m-jr. ft. TT. 78000 kg. 78. a - -00116; 6 = -00000219. 

»»«. *.«.»» » * 

91 l«S-U *9.-0000476. 97. The 10 h.p. * the 
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Quantity of heat, 1. 

Radiation,^ 207, 319. 

— absorption of7 225. 

— full, 239. 

— in an enclosure, 239. 

— polarization of, 213. 

— pressure of, 241. 

— pyrometers, 259. 

— reflection of, 223. 

— refraction of, 230. 

— solar, 229. 

— thermodynamics of, 395. 

— transmission of, 224. 

Radiators, good and bad, 216. 

Radio-activity, 6. 

Radiometer, Crooke's, 208. 

Radio-micrometer, 209. 

Railway, expansion of signalling rods on, 24. 
Rain, 162. 

Ramsden and Roy on expansion of solids, 20. 
Rankine on specific heats of air, 348. 

-velocity of sound, 347, 

Reaumur's thermometric scale, 12, 

Reduced pressure, volume and temperature, 
34 1 * 

Reflection of radiation, 213. 

— apparent of cold, 215. 

Refraction of radiant heat, 230. 

Regelation, 102. 

Regnault on measurement of temperature, 
250. 

— calorimeter for liquids, 73. 

— hygrometer of, 167. 

— on air and mercury thermometers, 246. 

— on Boyle’s law, 45. 

— on coefficients of expansion of gases, 49. 

— on expansion of mercury, 31. 

— on latent heat, 137 

— on pressure of aqueous vapour, 118, 120. 

— on specific heat of air, 77. 

--- 0 f solids, 77. 

Resistance electrical, effect of heat upon, 176, 

» 54 * 

Retardation of boiling, 132. 

Reversible engines, 370. 

-efficiency of, 372. 

Reynolds on value of J, 296. 

Richard’s indicator, 362. 

Rock-salt, diathermancy of, 225. 

RiJntgen’s experiments, 226, 346. 

Rowland's determination of j, 287. 

Rumford on nature of heat, 8. 

Rutherford's maximum and minimum ther¬ 
mometers, 15. 

Saline solutions, boiling point of, 134. 

-freezinjg point of, 109. 

Saturated air, weight of, 128. 

— steam, 123, 386. 

— vapours, 118. 

Scales, thermometric, 12. 

Schuster on value of J, 296. 


Selective absorption, 227, 

Self-intensive cooling, 157. 

Self-registering thermometers, 15. 
Sensitiveness of a thermometer, 13. 

Siemens’ pyrometer, 254. 

Silbermann on heat of combustion, 202. 
Simple bodies, atomic heat of, 86. 

Six’s thermometer, 14. 

Snow, 162. 

Solidification, 4, 92. 

— and liquefaction, 98. 

Solids, conduction of heat in, 185. 

— expansion of, 17. 

— specific heat of, 68. 

Solution, 106. 

Solutions, boiling points of, 134. 

— vapour pressure of, 126. 

Sound, velocity of, 347. 

Sources of energy, 5, 6. 

Specific gravities, table of, 413, 

— heat, 66-90. 

-of gases, 343. 

-of vapours, 81. 

-table of, 87. 

-variation with temperature, &c., 83. 

— heats, difference of the, 344. 

-ratio of, 3x8. 

Spectrum, 230. 

Spermaceti, melting point of, 102. 

Spheroidal state, 144. 

Squares, inverse, 212. 

Standard of length, ix. 

— of mass, xi. 

State, change of, 3. 

— influence of, on specific heat;, 86. 

Steam, density of, 123. 

— engine, 358. 

— latent heat of, 138. 

— pressure at various temperatures, 4:7. 

— saturated, 119. 

— total heat of, 140. 

Stefan’s law of cooling, 222. 

Stirling's air-engine, 359. 

Strains, produced on contraction, 13. 
Sublimation, 4, 143. 

Sulphur, boiling point of, 265. 

Sun, source of heat, 5. 

Superficial expansion, 26. 

Superheated vapour, 114. 

— liquids, 58, 132. 

Surface tension, 308, 393. 

Swann on specific heat of gases, 79. 

Symbols, list of, xii. 

Table of absorbing powers, 228. 

— of atomic heats, 87. 

— of boiling points, 416. 

— of comparison of air and mercury, 246. 

— of critical temperatures and pressures, 415. 

— of densities, 4x3. 

— of emissive powers, 228. 

— of expansion, 414. 

— of freezing points, 416. 

— of heat of combustion, 415. 

— of latent heats, 416. 

— of melting points, 4x6. 

— of pressure of aqueous vapour, 417. 

— of reflecting powers, 228. 

— of specific neats, 414.. > 

— of thermal conductivities, 415. 

— of values of mechanical equivalent of heat, 
296. 

Tait on thermal conductivity, 195. 
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Tall on thermoelectric- inversion, iHm. 

Tiitc on density of iifeam, 144. 
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equilibrium of, cj, 
explanation of, 414, 
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Tension of v attorn, to. 

Theory of ext hatters, #1$, 
of guscs, kiurtu , |* t* 

Therm. mm. 

Thermal capacity, #, my, 
c undue livii >, »8«|, 
rtjinlibiium, **. 

Thermo* hetm»tr\, 

Thn mmlynamic *». definition of, 
first* law of, #*#*#, 
amtud lass of, 
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power, * H»*« 
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